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INTRODUCTION

The NACA-University Conference was held to acquaint university
personnel with recent developments in aeronautical research.
Wherever possible, each paper reviews the status of the field under
consideration, points out recent significant advances, and suggesits
promising avenues for future research.

The papers presented are considered to supplement, rather than
substitute for, the reportis in which the NACA customarily releases its
work. Information regarding the NACA's regular reporis may be
obtained from the Division of Research Information, NACA, 1512
H Street N. W., Washington 25, D. C.

This volume (Volume I of three) contains the papers precsented at
the conference that deal with aircraft structures and materials.
Volume II of the series contains the papers on aerodynamics, and

Volume III contains the papers on aircraft propulsion.
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1. BSOME APPLICATIONS OF GENERALIZED HARMONIC ANALYSIS
TO PROBLEMS IN AIRPIANE DYNAMICS

By Harry Press, John C. Houbolt, and Franklin W. Diederich
Langley Aeronautical Laboratory

INTRODUCTION

Many aeronautical problems are concerned with the response of an
aircraft to an erratic or random disturbance. The randomness in the
disturbance introduces complications in the analysis of such problems
and necessitates the use of specialized statistical techniques. The
recent development of the theory of random processes and particularly
the development of the techniques of generalized harmonic analysis have
provided methods suitable for the analysis of many of these problems.
The basic mathematical developments have been evolved largely by Norbert
Wiener (ref. l). The earliest applications of these techniques appear
to have been made in communications engineering. Recently, Clementson
and Liepmann have pioneered their application to aeronautical problems
(refs. 2 and 3, respectively). Inasmuch as these techniques should find
increasing usefulness in aeronautics, it appears appropriate to present
a paper outlining some of the fundamental elements of these techniques
and reviewing some of the results obtained at the NACA in their appli-
cations to gust load and runway roughness problems. Some of the results
to be presented have recently been published in references 4 to 8;
others are new.

Figure 1 shows some typical random-type disturbances that occur in
aeronautical problems. The first sketch represents an airplane encoun-
tering rough air, where the curve represents the variations in vertical
gust velocity. The second sketch represents a buffeting wing, where the
curve shows the 1ift fluctuations. The last sketch represents taxiing
over a rough runway. The runway height variations have, of course, been
exaggerated for illustrative purposes. In all cases, the disturbances
are erratic or random and cannot be defined in explicit form. However,
in order to determine the airplane response, a mathematical representa-
tion and a technique for performing response calculations for such dis-
turbances are needed. The technique of generalized harmonic analysis
appears suited for these purposes and, as a background for the applica-
tions to be described, the first part of the paper will briefly review
four of the fundamental aspects of this approach. These aspects cover
the representation of a random function by means of a power spectrum and
the use of the spectrum for response calculations.
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FUNDAMENTAL ASPECTS OF GENERALIZED HARMONIC ANALYSIS

Representation of random disturbance. - The first aspect of the
theory to be considered is that of the analytical representation of a
random disturbance, and is covered on the left half of figure 2. A
typical random disturbance y(t) is shown on the top of the figure. The
conventional approach to the analysis of erratic functions, such as
y(t), is to obtain a frequency representation by making use of Fourier
series or Fourier integrals. However, since these random disturbances
are aperiodic and do not subside in time, conventional Fourier techniques
cannot be used. Instead, a -frequency representation may be obtained in
some cases in the following manner: For the disturbance y(t), an over-
all measure of disturbance intensity is given by the mean square value

yz(t). This quantity usually exists and has been termed the '"power."

By considering the contributions to this power of the various frequen-
cies present in the disturbance y(t), one arrives at the concept of a
density function. The power spectral density function @(w) is illus-
trated by the sketch, and describes the contributions to the total power
of the sinusoidal components of the disturbance at the various frequen-
cies. It follows from this definition that the total area under the
spectral curve equals the power.

The mathematical expression for the power spectrum @(aﬂ is shown
on the lower part of the figure and is given by

T
&(0) = lim %_,L/ﬂ v(t)e Xt gt
T-reo .

where the bars designate the absolute value of the complex quantity. It
is of interest to note that this integral, which is the Fourier transform
of y(t), does not exist in the limit, but the 1limit for the entire ex-
pression does exist in many cases of interest. In particular, it exists
for so-called stationary disturbances; that is, disturbances whose stat-
istical characteristics do not change with time.

2

Input-output relations. - The second aspect of the theory to be
considered is the relation between a disturbance spectrum and the spec-
trum of a system response to this disturbance. For linear systems,
these spectra are related in a simple manner, and the relation as shown
on the upper right side of figure 2 is

3 (o) = cpi(m)ngw)

In this relation ¢; and & are, respectively, the spectra of the
disturbance input and the system response. The quantity T(w) is the

3558
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amplitude of the system frequency-response function and describes the
amplitude of the system response to unit sinusoidal disturbances at the
various frequencies. The output spectrum is seen from the equation to
be given by the simple product of the input spectrum and the square of
the amplitude of the frequency-response function.

The application of this relation for the gust load case is schemat-
ically illustrated by the sketches shown in figure 2. The upper curve
shows a representative spectrum of the vertical component of atmospheric
turbulence. Available information on this spectrum will be considered
later. The second curve is the amplitude squared of the airplane
frequency-response function with the curve shown typical for the normal
acceleration response at the center of gravity for sinusoldal gusts at
the various frequencies. Airplane modes in this representation show up
as peaks, such as the free-body and the fundemental wing-bending mode
shown. The output spectrum is obtained by the use of the relation shown
and is the product of the first two functions. The result obtained is
shown on the bottom curve and is, in this case, the spectrum of normal
acceleration.

Relations between spectrum and time-history characteristics. - In
addition to the spectrum itself, other statistical characteristics of
the response are also generally of interest. Reference 9 provides a
comprehensive survey of these relations between the spectrum and saome
of the other statistical characteristics of the response of interest.
This is the third aspect of the theory to be considered and is covered
on the left half of figure 3. Item (a) indicates the general relation
previously mentioned; namely, that the area under the spectrum is equal
to the mean square value. If the disturbance has a zero mean value,
which is usually the case, the mean square value provides a useful over-
all measure of the response intensity. It is also possible to derive
other useful statistical characteristics of the time history directly
from the spectrum. In the particular case of a Gaussian disturbance,
the statistical characteristics are completely defined by the spectrum.
Some of the quantities that can be determined readily for this case are
listed. Item (b) shows the probability distribution of the amplitude
of y and describes the proportion of total time that y has given
values. As can be seen, the probability distribution is the normal or
Gaussian distribution and depends only on ¢, the root mean square value,
which is obtained from the area under the spectrum. Item (c) designates
that the expected maximum value of y for a given time is proportional
1o Lhe rootl mean square value. TRelations have also been derived in
reference 9 for the Gaussian case between the spectrum and such quan-
tities as the number of times per second a given value of y, for example
Y1, is crossed with positive slope (item (a)), marked by the crosses, and

the number of peaks per second (item (e)), marked by the circles, that
exceed this value Yy;. These relations have been particularly useful

for fatigue studies.




Estimation of spectra from experimental data. - The final aspect of
the theory is concerned with the practical problem of estimating spectra
from experimental time-history data. A solution to this problem of spec-
trum estimation has only recently been achieved (ref. 10) and has con-
tributed significantly to the practicality of this approach. The prob-
lems involved are as follows: It will be recalled that the mathematical
definitions of the power spectrum involve infinite integrals. Experi-
mental determinations, however, must of necessity be based on finite
lengths of record, and because of this, a degree of approximation is
immediately introduced. In addition, numerical evaluations are generally
restricted to values at discrete intervals of time. The problems intro-
duced by these finite approximastions are not trivial and some of them
have apparently not been appreciated until recent years.

Two fundamental problems are introduced by the finite approximations
and, as indicated on the right half of figure 3, concern the frequency
resolution and statistical reliability of the estimates. Frequency
resolution problems arise since it takes a finite record length to dis-
criminate between two sinusoidal components of a disturbance whose fre-
quencies are close to each other; the closer the frequencies, the longer
the record length required for discrimination. As a consequence, esti-
mates from finite samples are at best averages of the power over a finite
frequency range, as shown by the sketch in the figure.

The problem of the statistical reliability of power estimates also
arises from the finite length of record since any two sections of record,
like two series of coin tosses, will generally not yield identical re-
sults. The statistical reliability of the estimates must therefore be
established in order to permit the discrimination between actual and
statistical fluctuations.

Results obtained in reference 10 permit the estimation of the aver-
age power over band widths, as shown by the sketch on the lower right of
figure 3. They also permit the determination of the reliability of such
measurements in terms of confidence bands, as indicated by the vertical
line on the sketch. The width of these frequency bands can be varied in
the calculation procedure. The width of the confidence bands can be
shown to depend upon this frequency band width and the record length;
the wider the frequency band, the greater the reliability; also, the
longer the record length, the greater the reliability. Thus, it 1s pos-
sible to tailor the calculations to achieve the best combination of fre-
quency resolution and statistical reliability for a given problem.

The foregoing discussion has briefly outlined the general aspects
involved in the applications of the techniques of generalized harmonic
analysis. The remainder of this article will be concerned with some
results obtained in applications of the foregoing theory.
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APPLICATIONS

Spectra of atmospheric turbulence. - The first application concerns
same studies of the spectrum of atmospheric turbulence, and the results
obtained from various sources are summarized in figure 4. The first of
these measurements was made by Clementson (ref. 2) and subsequent measure-
ments were made by the Douglas Aircraft Company (ref. 11), and the NACA
(ref. 6). The curves shown on figure 4 represent the various spectra
obtained in flight tests under different weather conditions. The ordi-
nate is the power density, the abscissa is the frequency £ in radians
per foot and is equal to 2n divided by the gust wavelength. This fre-
quency argument is useful in airplane gust studies because, insofar as
the airplane is concerned, the turbulence is essentially a spacial phe-
nomenon. The data shown cover a range of gust wavelengths from about 10
to 3000 feet.

The spectra in all but one case are for the vertical component of
the turbulence. In one case marked by the letter H (the square points)
the spectrum is for the horizontal or longitudinal component of the tur-
bulence. The spectra vary considerably in height, reflecting the vari-
ations in intensity for the various weather conditions. While the in-
tensity varied considerably, the spectral shapes appear relatively con-
sistent; in all cases the power decreases rapidly with increasing fre-
quency. In fact, in most cases, the spectra appear inversely propor-
ticnal to the square of the frequency. This spectral shape of 1ﬁ2~ is
in reasonable agreement with theoretical results obtained for the spec-
tral shape at the higher frequencies in the theory of isotropic turbu-
lence. At the low frequencies, the spectral shape hag as yet not been
adequately established because of the measurement difficulties.

Because of the general characteristics of these spectra, it has
been convenient in theoretical studies to use the analytical expression
for the turbulence spectrum shown on figure 5. This expression has been
useful in wind-tunnel studies of turbulence and can be seen to have the
general characteristics of the measured spectra of atmospheric turbulence.

The equation has two parameters, the mean square gust velocity UZ, which
describes the turbulence intensity, and the so-called scale of turbulence
L. The scale of turbulence L can, in a rough sense, be considered to
be proportional to the average eddy size. The curves in figure S are for
a mean square gust velocity equal to 1 and for values of I = 200, 600,
and 1000 feet. The curves at higher frequencies all approach a shape of
1/@25 but differ in the frequency at which the flattening out occurs.

For large values of L, most of the power is at the very low frequencies.
Comparison of these curves with these and other measurements of the spec-
trum of atmospheric turbulence have suggested that representative values
of L for atmospheric turbulence are perhaps several hundred feet to
over a thousand feet. For studies of wind-tunnel turbulence, L may be
expected to be much smaller, perhaps on the order of an inch.
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Effects of short-period damping. - The next application to be des-
cribed concerns the effects of airplane dynamic stability, particularly
the effects of low damping in short period on airplane accelerations in
rough air. Theoretical studies based on spectrum analysis (ref. 12) have
indicated that the gust loads in continuous rough air are considerably
amplified when the short period has low damping. Recently, some test
data bearing on this problem have been obtained by the NACA (ref. 5). A
swept-wing tailless missile was flown through rough air at low altitudes
and high speeds and the results indicated that a very substantial ampli-~
fication in gust loads was associated with low damping of the short
period. Some of the results obtained in this study are shown in figure
6. Results are shown for three Mach numbers: 0.88, 0.91, and 0.95.
Over this range of Mach numbers, the short-period damping deteriorated
sharply.

Calculations of the expected spectra of normal acceleration were
made for these three Mach numbers and are shown in the upper left of the
figure. These were obtained from calculated estimates of the missile
normal acceleration frequency response function and estimates of the gust
spectrum which were based on airplane survey flights over the missile
firing range Jjust prior to the tests. The calculated spectra show a
progressive movement to higher frequency as the airspeed increases, di-
rectly reflecting the variations in the short-period frequency. The
spectra are also progressively more peaked, reflecting the deterioration
in the damping of the short-period frequency. The relative load levels
for the three airspeed conditions as measured by the root mean square
values are also given and show a relatively large increase, from 0.48g
to 0.65g, almost 40 percent, for the 10 percent increase in airspeed.

For comparison, the measured power spectra of normal accelerations
for the same three test airspeeds are shown on the lower right of fig-
ure 6. In each case, only very limited samples were available (roughly
2 sec) with the result that only limited statistical reliability could
be obtained. In obtaining the power spectrum estimates, statistical
reliebility considerations dictated a choice of a rather wide frequency-
band width; each point represents a weighted average over roughly 3.2
cycles per second (+1.6 cps about the values shown). The estimates may
therefore be expected to provide a "smeared" picture of the real spectrum,
and this is borne out by the fact that measured results are flatter in
character than are the calculated results.

In order to make a more fair comparison between the calculated and
measured results, the calculated results presented were modified by the
averaging equivalent to that present in the measured estimates. The re-
sults obtained with this modification are shown on figure 6 and are seen
to be in good over-all agreement with the measured spectra. In fact,
considering the limited statistical reliability present, the agreement
seems much better than might have been expected and confirms the expected
magnitude and character of amplification in loads associated with low
damping.
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Effect of wing bending. - As the next application, figure 7 shows
some results obtained in a study of the effects of wing-bending flexi-
bility on the root bending moment of a B-29 sirplane. The figure shows
a comparison of the measured and calculated power spectra of root-
bending moment. In each case, the solid curve is for the flexible air-
plane and the dashed curve is for the airplane considered as a rigid
body. For the rigid case, the measured spectrum was obtained from nodal
point acceleration measurements and the conversion to bending moment was
based on the calibration data obtained in steady pullups. In each case,
the first peak is associated with the free body mode, while the second
peak at about 3 cycles per second is associated with the fundamental
wing bending mode. The effect of wing bending is in both cases given
by the bump in the spectrum at the fundamental wing bending freguency.
The ratios of the root mean square values are also shown in both cases.
Comparison of the measured and calculated results shows rather good
agreement in root mean square values and in the size and shape of the
bump associated with the wing bending effects.

Span effects. - In these calculations, it has for simplicity been
assumed that the turbulence is uniform across the span. Recent studies
have indicated that the effects of variations in the turbulence across
the span may give rise to significant effects in many problems. Some of
the results in regard to the span effects are covered on the next two
figures. Pigure 8 shows the effect of the span length b on the spec-
trum of the average gust velocity across the span. These results are
for isotropic turbulence and the analytical expression for the turbulence
spectrum given earlier. The abscissa is the nondimensional frequency
mL/V wvhere L is the scale of turbulence and V is the airplane for-
ward speed. Curves are shown for various values of b/L; the curve for
b/L = O giving the spectrum of turbulence at a point, while the other
curves give the spectra of average gust velocity across the span. For
increasing values of b/L, it can be seen that the effective spectrum
is progressively reduced, particularly at the higher frequencies. These
results apply directly to wing lift and to over-all airplane accelera-
tions and indicate the amount of attenuation due to spanwise gust aver-
aging. The results, while of significance in gust response studies, are
of even greater significance in regard to wind tunnel and buffeting
studies where the ratioc of b/L is likely to be much greater than for
the case of atmospheric turbulence.

Although the effects of nonuniform turbulence appear to attenuate
the over-all airplane load and gust response, they may give rise to a
different effect when the intermal structural response is considered,
Figure 9 illustrates this point by showing the effects of spanwise
variations in turbulence on the excitation of the structural modes. The
results are for a uniform cantilever wing of aspect ratio 5 and show the
relative amount by which the first several modes are excited. The var-
ious curves show the ratio of the response spectra ‘is/éu for the first,

second, and third symmetric modes, where @s designates the response
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spectrum for the condition of turbulence varying across the span and &,
designates the spectrum for the uniform turbulence condition. The
abscissa is a reduced frequency mL/V where L is the scale of turbu-
lence. Results are shown for several values of span-to-scale ratio

b/L. For the first mode, the response for the nonuniform gust condition

¢, 1is always less than the response for the uniform gust condition &,

the amount of reduction becoming greater as b/L increases. For the
second and third modes, however, &, is greater than @u in the range

of frequency covered, and for the third mode reaches a peak value of
about 2.3 in one case. If the plots were carried out to higher frequency,
all the curves would eventually drop off and approach zero. This, of
course, is to be expected from physical considerations, since at the very
high frequencies, the gust wavelengths are so short that there is effec-
tilvely a complete cancellation.

It should be mentioned that these peaks in the amplification curves
occur at gust wavelengths that are about twice the distance between nodal
points for the higher modes. Thus, a spacial resonance condition is sug-
gested in which the loading distribution takes a shape similar to the
mode shape.

Results of the type shown on figure 9, of course, do not indicate
the superposed effect of all the modes, that is, the net response. The
net effect of spanwise gust variations on the airplane response could
presumably be greater or less than that for the uniform gust condition,
depending on the actual configuration, the response quantity being de-
termined, and which mode, if any, is predominant in the response.

Runway roughness. - As a final example, some results obtained in
the problem of loads developed in taxiing over rough runways are des-
cribed. For this problem, it was desirable to obtain some measurements
of the roughness of existing runways. As a first effort in this direc-
tion, height surveys were made of two runways at Langley Field, Virginia.
One of the runways was considered a relatively smooth runway, while the
second runway was known to be rough. The power spectra of runway rough-
ness are shown in figure 10. As can be seen, the spectrum for the rough
runway, over the range considered of interest, is considerably higher
than for the smooth runway, roughly, ten times as high at the lower fre-
quencies and about twice as high at the higher frequencies. The root
mean square values are also given and are seen to be roughly in the
ratio of 3:1. These results in describing the characteristics of run-
ways roughness are serving as a useful basis for trend studies of air-
plane response in ground operations.
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CONCLUSION

The foregoing discussion has described some of the aspects of the
techniques of generalized harmonic analyses and some of the results
obtained in applications. These techniques appear to provide a useful
approach for problems involving random disturbances, and their use will
probably be expanded in the future.
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2. SOME RECENT DEVELOFMENTS IN THE AERODYNAMIC
THEORY OF OSCILLATING WINGS

By I. E. Garrick and C. E. Watkins
Langley Aeronautical Laboratory

INTRODUCTION

Aircraft companies are making a great effort to treat and to design
for aeroelastic problems. These problems, which involve the interaction
of the structural deformations and the aerodynamic forces, may be of a
static or dynamic nature. An example of a static aeroelastic problem is
the determination of the steady load distribution on a deformable wing;
an example of a dynamic aeroelastic problem is flutter. Flutter involves
the vibration mcdes of the aircraft with the interaction of the accompa-
nying oscillating air loads as an essential ingredient. It is with this
ingredient, the oscillating air loads, that this paper is primarily
concerned.

The flutter field is of ever-increasing importance because of higher
speeds, diversity of configurations, thinner wing components, and heavier
loads and appendages. Problems within the flutter field require a large
and continmuing effort both on the experimental and theoretical aspects
of structures and aerodynamics and on their union.

On the theoretical side, the aerodynamics of flutter has been based
mainly on the two-~dimensional theory of oscillating wings and has been
used in various strip analysis methods with selected structural modes of
deformation. Despite its limitations, the two-dimensional theory has
been very useful; however, some of the current and future configurations
involving plan forms of low aspect ratios and thin wings require improved
three-dimensional treatments. This statement, of course, applies to the
structural as well as to the aerodynamic analysis.

The present paper is concerned mainly, however, with some recent
developments relating to the three-dimensional treatment of the aero-
dynamics of the finite oscillating wing. A finished report cannot be
given, as the subject is in a state of rapid change. The structural
side is also in rapid transmitation. For example, the use of simple
beam theories, or "beamology," is being questioned as to its relevancy
for many modern configurations. Elaborate schemes for accounting for
the plan-form elements of low-aspect-ratio wings both aerodynamically
and structurally are being developed. These schemes have become not
only necessary but also feasible with the notable developments in modern
automatic digital computers.
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The following subjects are considered in this paper:

(1) The general boundary value problem for oscillating wings and
its formulation as an integral equation

(2) Review or recounting of some special solutions, old and recent

(3) The kernel function of the integral equation and its application
in determining oscillating air forces on finite wings

(4) The wind-tunnel wall interference problem for oscillating wings
and some related experimental measurements

(5) Some supersonic-flow oscillating-wing problems

(6) Reverse-flow reciprocity relations and a few illustrations of
their uses

(7) Possible combination of aerodynamic and structural problems

SYMBOLS

The following symbols are used in this report:

A aspect ratio

a velocity of sound

b wing semichord

Cy, 1ift coefficient

IdCL/dal magnitude of oscillating 1lift coefficient
Cm moment coefficient

Jac,/dx| megnitude of oscillating moment coefficient
G structural-influence function

H tunnel height

Ho(z),Hl(z) Hankel functions of second kind of zero and first order,
respectively

K kernel function
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reduced frequency parameter, aﬂ/U
aerodynamic load distribution

ratio of magnitude of 1lift on wing in tunnel to magnitude of
1ift on wing not in tunnel

reference length (often chosen as semichord D)
Mach number, U/a

components of moment coefficient

perturbation pressure
projected wing area
wing semispan

time

forward velocity of wing; or, alternatively, velocity of un-
disturbed stream flowing in x-direction

flutter speed coefficient (V denotes speed and w, torsional

frequency of wing)

vertical velocity of fluid or downwash at wing surface,
w(x,y,t) = W*(X)Y) elot

Cartesian coordinates

normal displacement of mean surface of wing
A1 - M2

Cartesian coordinates

fluid density

perturbation velocity potential

phase angle

circular frequency of oscillation




o /vl
wr (xp/H)(2n - 1)a, n=1, 2, 3.
Subscripts:

D direct flow

L 1ift
m moment
R reverse flow

DISCUSSION AND RESULTS
General Boundary Value Problem for Oscillating Wings

Differential equations and boundary conditions. - The equations
that provide the basis for most of the existing theoretical background
for unsteady aerodynamics of wings result from a linearization of the
boundary value problem for the velocity potential. In equations (1) and
(2) are given, respectively, the governing partial differential equation
and the main boundary conditions for the problem of the unsteady or the
oscillating finite wing:

2
-a-l§<%+u§i> ®= Vo (1)
On the wing plan form:
<g§> - = w(x,y,t) = <§a€ +U B%z> z2(x,y,t) (2a)
Z

Off the plan form and in its plane:

P=-D<§%+U%§->=O (2b)

In addition, there are various conditions to be satisfied at edges of
the plan form.

Equation (1) presents the linearized differential equation for the
velocity potential & based on small perturbations of the flow about
the wing in a mainstream of velocity U in the x-direction and of den-
sity p (see sketch a):

3656
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Sketch g

Equation (1) may be recognized as the classical wave equation of acous-
tics referred to a uniformly moving coordinate system (moving with ve-
locity U in the negative x-direction). In equation (2a) is given the
condition that the flow is tangential to the wing surface relating the
normal velocity w of the fluid adjacent to the wing surface to the
motion of the wing, the displacement of whose mean surface is defined
by Z(x,y,t). Equation (2b) is the condition that off the wing surface
and particularly in its wake, the pressure difference vanishes. The
statement following equation (2b) refers to various edge or tip condi-
tions to be prescribed according to flow regime. In subsonic flow, for
example, the pressure difference should go to zero continuously in the
immediate neighborhood of all trailing edges. In supersonic flow the
trailing edges play no determining part as far as the potential flow is
concerned, but leading edges must be assumed to be such that Mach waves
remain attached to them.

In this linearized form, the differential equation (1) is satisfied
not only by the velocity potential but also by any component of the flow
or by the perturbation pressure p, where

p=~p(g—(§+U%§-> (3)

In equation (1), then, & may be considered as replaced by the pressure
P or by the acceleration potential, which in the linearized form is
equivalent to -p/p.

As a solution of the boundary value problem, the pressure differ-
ence or the loading on the wing for arbitrarily given motion or defor-
mation of the wing w(x,y,t) is desired. From a knowledge of the pres-
sure distribution, all forces and moments are directly obtainable by
integration. This paper is primarily concerned with the harmonically
oscillating type of motion

w(x,y,t) = W*(X)y) elwt (4)




2-6

The integral equation and its kernel. - There are two basic ap-
proaches for solution of the boundary value problem. One involves the
classical method of separation of variables leading to appropriate solu-
tions of the differential equation and their utilization in infinite
series to satisfy the boundary condition of the plan form and the flow.
The other involves direct consideration of the integral equation for the
pressure into which the boundary value problem of the associated linear
differential equations can always be expressed. This latter approach
is discussed and used in the present paper. The integral equation can
be formulated with the use of velocity potential or with use of the
acceleration potential. In the velocity-potential approach the induced
effects of the wake, which extends from the trailing edge to infinity,
must be taken into consideration; but the acceleration-potential approach
is concerned only with integrations over the wing surface alone, the ef-
fects of the floating vorticity in the wake being implicitly included.

From this standpoint, the integral equation is readily derived
with the aid of the relation between the velocity potential and the
pressure difference, which is twice the perturbation pressure p at
the surface. The integral equation is given by (see refs. 1 and 2, e.g.)

W*(XJY)

ff L(E,n) K(x-E, y-n) 4& dn (s)

4np
In this equation the normal velocity w¥ corresponding to the wing
motion (eq. (4)) is assumed to be known. Under the integral which is to
be taken over the wing plan form, L(&,n) denotes the pressure difference
or loading to be determined, and K represents the kernel of the inte-
gral equation. The kernel function K plays the role of an aerodynamic
influence function, in that it gives the induced normal velocity at a
point x,y Dbecause of unit loading at &,n. It is mathematically de-
fined as it arises in the analysis by the rather intricate improper
integral given in the following equation:

-——- X Mq/k2+62y2+ Bzz2>
K(x,y; Myw) = lim =

720 O «/x24-5 24 p2z2

ax (6)

As indicated, equation (6) expresses the induced velocity field of a
uniformly moving unit harmonically loaded element of the plan form and
hence corresponds in a sense to a moving acoustic doublet.

A recent reduction of this integral to a proper form given in ref-
erence 2 leads to a rather lengthy expression which is given for the
general subsonic flow case as a matter of interest:
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. ™
K(x,y) = 55 exp(-1i) { - g <2l - 2y [y - nlyl] +

MB (ky)? B

Melyl +p ( E&Lﬂ) fM/B'\/l + £ exp(-ik|ylt) ax -
o

Mkx +1/(kx)2+ B2 (ky)? exp ( - [kx Ml\/(kx) +B (ky) :l)
M(y) 29/ (kx) 2+ 2(ky)? P

_ i ka exp (Biz [x- M2 + Bz(ky)z]\) ax J
0

M(ky)?
(7)

where KX; and I; denote modified Bessel functions, L; denotes the

modified Struve function, and k = aﬂ/U, vhere 1 1is an arbitrary ref-
erence length often conveniently chosen as a reference semichord b.
Other proper forms may be expressed for the kernel function for incom-

PR - N

for the cases of sonic and supersonic flows.
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The kernel function (eg. (7)) can be conveniently separated into
two parts. One of these contains all the singularities of K(x,y) but
in its application can be treated analytically. The other part contains
no singularities and can be numerically tabulated and in application can
be dealt with by numerical procedures. The kernel function is therefore
capable of being numerically determined and used and, thus, represents
the key to some of the developments that are to be discussed. Before
coming to these, it may be of value to recall some of the cases for which
solutions to the integral equation are already known.

Special Analytical Solutions for Oscillating Wings

By a solution to the equation is meant, of course, an explicit
determination of the loading for specified boundary conditions. This

hoa A ~ e S T, e - SO, M

D5 ollu a.\_g_,umyJ_,Lbucu_ u,ha._]_‘y hLL&.LJ.‘y CAG-\.U_LJ, wa.w.u.u. uuc draueworln UL uuc
small perturbation theory, for only a few cases. These are listed with
regard to flow regime and plan form in the following table:
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Flow Wing plan form

Incompressible Infinite aspect ratio
Very small aspect ratio
Circular plan form

Compressible subsonic Infinite aspect ratio
Very small aspect ratio

Supersonic Infinite aspect ratioc

Finite, with all-supersonic edges
Rectangular plan form

Very small aspect ratioc

A brief recounting of the procedures, investigators, and approxi-
mate dates with which these cases can be associlated is believed to be of
interest. It should be mentioned first, however, that most of the indi-
cated solutions were not originally obtained by the integral-equation
approach.

The closed-form results for the infinite-aspect-ratio wing in in-
compressible flow (two-dimensional case) were first obtained by con-
sideration of the velocity potential and the infinite vortex sheet to
represent the wake. The original methods stem from Birnbaum (1924) and
Wagner (1925) who, respectively, considered the infinite oscillating
vortex wake and the arbitrary finite wake. General results for the
oscillating airfoil are associated with such names as Theodorsen (1934),
Cicala (1935), Kiissner (1936, 1940), Schwarz (1940), and others. The
explicit solution for this case represents a notable landmark in the
development of unsteady aerodynamic theory.

Results for the wing of vanishingly small aspect ratio, as indi-
cated under incompressible flow, are due to Miles, Reissner, Garrick,
and Ashley and were developed from 1948 to 1851. These results represent
an extension of the slender-wing theory for steady flow of R. T. Jones
(1946) +to unsteady flow.

The oscillating circular plate was first treated by Schade and
Kreines (1940-43) who extended Kinner's treatment of the circular plate
in steady incompressible flow. It was in connection with this latter
problem that Prandtl (1936) first introduced his concept of the acceler-
ation potential for treating linearized problems of aerodynamics. In
both the steady- and unsteady-flow cases for the circular plate, the
procedure employed was the classical method of separation of variables
and the use of appropriate orthogonal functions to obtain the pressure.

The use of orthogonal functions appropriate to the wave equation
as a general means of treating the unsteady-flow problem has recently
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been discussed by Kissner (ref. 3). Unfortunately, however, appropriate
orthogonal systems are possible for only a few special plan forms; and,
hence, the general applications are limited. Among the cases that have
been treated by the procedure, however, are the wing of infinite aspect
ratio and the wing of very small aspect ratio for compressible subsonic
flow. Results for the infinite-aspect-ratic wing may be associated
with names of Reissner (1944, 1951), Timman (1946), Haskind (1947), and
Timman, Van de Vooren, and Greidanus (1951, ref. 4). (Reference 4 sup-
plies various tables that have been corrected as indicated in the ref-
erence list.) The results for the oscillating wing of very small aspect
ratio extending the incompressible-flow results to include effects of
finite sound speed have been given with some numerical tables by Merbt
and Landahl (1953, refs. 5 and 6). A more complete numerical set of
tables for this case has been prepared by Mazelsky (to be published in
Jour. Aero. Sci.).

Before leaving the subject of the use of orthogonal functions, it
seems appropriate to mention that among the problems that may possibly
be solved by the aforementioned procedure is the important and challeng-
ing problem of the oscillating wing of elliptic plan form.

With regard to the cases listed in the table under supersonic flow,
it may be mentioned that the two-dimensional oscillating airfoil was
first treated by Possio (1937). Garrick and Rubinow in 1947 extended
the treatment to apply to any finite wing or portions of a finite wing
for which the flow normal to all edges is supersonic. Closed results
for the rectangular wing are due to Miles (1949) and Stewartson (1950).
Supersonic-flow results for the small-aspect-ratio wing are included in
the work of Merbt and Landahl.

The aforementioned 1list of soluticns, it should be remembered, rep-
resents only cases for which exact solutions are known and does not in-
clude a large portion of knowledge of aerodynamic coefficients that is
based on various approximate procedures. Although, for example, the
corrected tables based on the exact solution for two-dimensional sub-
sonic flow have become available only within the past few months, the
original treatments of the problem and, indeed, accurate tables of coef-
ficients were obtained by approximate procedures through the integral
equation for the two-dimensional case long before the exact solution was
available. Since a main objective of this paper is to discuss the more
general application of these procedures to finite wings, it will be
helpful to reexamine some of the pertinent features for the two-
dimensional case.

Possio's method for two-dimensional subsonic flow. - The integral
equation for two-dimensional flow involves only a single integral taken
over the chord, as shown in the following equation:
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D
W*(x) = = f L(E) K(x-&) d& (8)
-b

This equation has become known as Possio's integral equation, since he
was the first to treat it and to evaluate its kernel (ref. 7). The
kernel which results from an integration of the three-dimensional kermel
shown in equation (6) is defined by an improper integral that involves
Hankel functions, namely,

f K(x, y-n) dn

ox
e u ehnk HO(Z)QSW/XZ-+6222> dx

-

K(x)

1i
z-0

U
N [aV]

(9)

An explicit expression for K, of which equation (7) is the three-
dimensional counterpart is

ikx
a2 |iM
K(x) = - T ot g 87 |01 i (225 - 5o (B «
ikA
2iB 150 BB L iy o B2 g (2)/RMIADN 4y (10)
1t M 0 0 82

The method of solution originally employed by Possio was to assume
that the chordwise pressure distribution or loading was given by a sum
of appropriate modes of load distribution, as in the following equation:

L = ag cot % + a) sin 6 + ap sin 260 + . . . (11)

where the angle 6 has been introduced as a matter of convenience to
replace the chordwise variable & Dby the relation

& = -Db cos 8 (12)




Fach modal function in equation (11) is modified by a factor aj
to be determined and which for the oscillating wing (see eq. (4)) must
be taken as a complex number in order to yield both magnitude and phase.
In steady aerodynamics where the same modes of pressure distribution are
commonly used, as in Glauert's thin-airfoil theory, the coefficients ag
are real quantities.

The determination of the a's 1s brought about by_substitution of
the assumed loading in the integral equation, thus yielding the normal
velocity w* as a sum of terms involving a. Each term contains as a
factor a definite integral that involves the kernel function and one of
the assumed modes of pressure distribution. These definite integrals
may be evaluated numerically as accurately as desired. Expressing w
at a desired or sufficient number of control places of the chord leads
to a system of linear algebraic equations for determination of the a's.

Analogous method for three-dimensional flow. - Now consider an
analogcous procedure for treating the integral equation for a finite wing
of any plan form, as reproduced from equation (5):

WH(x,¥) = - L(E,n) K(x-&, y-n) & an (5)
45p ‘éjf

It is recalled that the important kernel K of this equation has been
recently put into a form capable of numerical evaluation for any given
Mach number, although this evaluation is no simple task. The loading
L may again comprise a number of pressure modes, but now must involve
besides the chordwise pressure terms, spanwise modifications of these
terms involving 7:

6
L = 4/s@ - 72 [cot 5 (a0,0 +ag 11+ 8y 2 2+ .. )+
sin 8 (al,o+al,ln+al’2 T]2+ . . .)+

. 2
sin 26 (aZ,O tay g ntag o o0 )+ .]
(13)
For example, the first term corresponds to the elliptic type of span-~

wise loading. The quantity s represents the local semispan ard is a
function of the local semichord b (see sketch b):
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Sketch b

Again the problem is to determine the coefficients a which appear

1,9
in the expression for the loading corresponding to a specified normal
velocity function w*(x,y). As in the procedures described for the two-
dimensional case, the integral equation expressing w* can be reduced

to a sum of terms involving the coefficlents aj Ik Again, definite
)

integrals occur which involve the kernel K and the assumed modes of
pressure distribution and which can be evaluated numerically as accu-
rately as desired. Specification of an appropriate number of control
or pivotal points (x,y) will lead to a desired system of simultaneous
equations for determining the a's.

The procedure is thus strictly analogous to the two-dimensional one
and also bears a resemblance to Falkner's vortex lattice method (ref. 8)
of treating finite wings in steady incompressible flow. Other related
work of interest is that of W. P. Jones and his associates (e.g., refs.
9 and 10) for treating oscillating wings in incompressible flow based
on the velocity potential or vortex lattice approach. The method dis-
cussed in the present paper may be more properly termed as a "loaded
lattice" approach; however, it will be more simply referred to as lat-
tice approach.

The numerical labor in the three-dimensional lifting-surface method
is so great that without the use of modern computing machines it is
hardly feasible. There are, of course, many worthwhile short-cuts that
can be introduced, but without further details on the methods, some re-
sults are presented that have been obtained by these procedures by H. L.
Runyan and D. S. Woolston of the NACA Langley laboratory in as yet un-
published work.

Results of application. -~ The first results presented are for the
1ift and moment for a rectangular wing of aspect ratio 2 oscillating in
pitch about a midchord axis (fig. 1). As no closed-form solution exists
for this case, it is necessary to compare results with those of other
approximate methods, such as various loaded line or single integral
treatments. Among the more recent and outstanding contributions to these
approaches is that of Lawrence and Gerber (ref. 11). Their work, which
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applies only to incompressible flow, involves approximations in both the
loading and the kernel function. In limits with regard to aspect ratio,
their results reduce the closed-form results for incompressible flow for
wings of infinite aspect ratio and for wings of very small aspect ratio.
Their coefficients also agree well with available experimentally deter-

mined coefficients for low Mach numbers.

In figure 1 the ordinate on the left is the magnitude of the 1ift
and moment coefficient, and that on the right, the phase angle (angle
by which 1ift or moment vector differs from wing position vector). The
abscissa is the reduced frequency parameter commonly used in flutter
studies. As indicated by these comparisons, the two methods give essen-
tially the same results for incompressible flow.

For the results covering a range of Mach numbers given in figures
2(a) and (b), the method of reference 10 does not apply and no compari-
sons with other methods may be made. The magnitudes of 1lift and moment
are given in figure 2(a), and the corresponding phase angles in figure
2(b). These results are also for a wing of aspect ratio 2 oscillating
about a midchord axis, but here the reduced frequency is kept constant
(k = 0.22) and the Mach number is varied. Results for Mach numbers up
to and including M = 1 were calculated by the lattice approach, while
those for M > 1 were obtained from supersonic theory for rectangular
wings. The subsonic results indicated are, as far as is known, the

3 MA carvo
f'\'v‘S‘f‘ such caleulations made for the finite ncnﬁllatlvlg 1"1_‘_ng. Ts serve

as a basis for comparison of trends with regard to Mach number, results
based on closed-form solutions for the corresponding two-dimensional
pitching wing are included in figures 2(a) and (b). Examination of the
magnitudes and, in particular, the phase angles for finite wings along
with those for the two-dimensional wing gives no indication of a simple
rule whereby results for one of the wings could be converted into re-
sults for the other. It is expected that such an indication would
appear less likely as the reduced frequency 1s increased. For the lower
values of the frequency, however, some steady-state rules of conversion
should apply. The results shown here were calculated mainly by manual
means and required considerable time. A full development of this tech-
nique requires a very considerable amount of work and numerical effort.
It is readily adaptable to a modern high-speed calculating machine,
however, so that the numerical effort required should not stand as an
obstacle.

Moreover, and perhaps of greater jmportance; the procedures are not
restricted to the rigid oscillating wing but apply also to the deformsble
wing; and, as will be briefly indicated in a subsequent section, may be
directly combined with structural analysis.



Oscillating Wing in Wind Tunnel

Another result of interest, stemming from the integral eguation,
relates to the problem of the oscillating wing as affected by the walls
of the wind tunnel. Experimental measurement is often required of forces
on oscillating wings for studies of flutter, buffeting, and dynamic sta-
bility. When such measurements are made in a wind tunnel, it is neces-
sary to know what influence the tunnel walls have on the forces. For
simplification, consider the problem of the oscillating wing in a two-
dimensional tunnel, as shown schematically in figure 3.

An additional boundary condition that must be observed for solid
walls is that the vertical induced velocity at the tunnel wall must be
zero. This condition can be met by consideration of a method of images
as has been done for the stationary case. To form two walls, an infinite
row of images spaced at intervals equal to the tunnel height (as indi-
cated in fig. 3) is required. In addition to the wind-tunnel problem,
this reflecting scheme satisfies a main boundary condition for an infi-
nite cascade of oscillating airfoils. The treatment under discussion,
therefore, provides a means of calculating forces and moments on such
cascades; and these have applications, for example, in problems of flut-
ter of compressor blades. The integral equation for this problem is

) -
) =g | LE) [mx-e) NS nﬂﬂ g (14)

The kernel for this case consists of two parts, one being the two-
dimensional kernel K of Possio's integral equation which is associated
with the wing alone, and the other an infinite summation of similar terms
that are associated with the images (ref. 12).

In applying the procedures that have been described to this problem,
indications of the existence of large effects associated with resonance
conditions were soon found. The resonance frequency conditions are given
by the relation

2
op = P (2n - 1)a (15)

which has a simple physical basis exactly as organ-pipe resonance. Thus,
if the oscillations of the wing occur at frequencies that are equal to
or certain multiples of the time required for transverse pressure waves
to travel to the tunnel wall and back to the model, this resonant fre-
quency exists, and large and significant resonant-like reactions may be
associated with it.




The integral equation has been solved for several specific wind-
tunnel problems and, incidentally, for some cascade problems (refs. 13
and 14).

In reference 14 some comparisons are made between calculated and
experimental results for the wind-tunnel problem. Some of these results
are indicated in figure 4, which applies for a wing oscillating in pitch
in a wind-tunnel stream having a Mach number of 0.7. The experimental
data were obtained from oscillating pressure distribution measurements
by means of pressure cells at 24 stations on the wing. The ordinate on
the left is the ratio of 1lift calculated or measured in the tunnel to
the calculated 1ift without the tunnel. The ordinate on the right is
Phase angle between 1lift and position. The abscissa is the ratio of
frequency of oscillation of the wing to the calculated resonant frequen-
¢y. It 1s not the purpose to labor the differences between theory for
the cases of tunnel walls and no tunnel walls, but rather to point to
the agreement between theory and experiment. This agreement is note-
worthy, particularly since the calculations are intricate and as accu-
rate measurement of oscillating air forces is, indeed, a difficult and
delicate undertaking.

Oscillating Wings in Supersonic Flow

Various problems. - The discussion thus far has dealt mainly with
problems in subsonic flow. A brief look at the supersonic side is also
of interest. The problems of supersonic flow, it will be recalled, can
often be treated and synthesized in piecemeal fashion. Thus, the effect
at a field point is found by considering only the influences on it in
its upstream-facing Mach cone. Moreover, the influence of the point of
disturbance reaches only to field points within the aft-cone zone of
action.

To indicate the boundary conditions and some regions that are of
concern, consider the oval plan form shown in figure 5. The obligue
characteristic lines drawn at the Mach angle to the mainstream form a
natural coordinate system often more convenient than any other. The
tangent characteristic lines that circumscribe the plan form determine
several regions and arc segments of the boundary that are of signifi-
cance. Segment AB 1is characterized by the fact that the component of
the mainstream velocity normal to the edge remains supersonic and is,
thus, a supersonic leading edge; similarly DE is a supersonic trailing
edge; segments BC and AF are subsonic leading edges; and segments
CD and FE are subsonic trailing edges.

The flow problem for the neighborhood of any field point on the
plan form influenced only by the supersonic edge, as points of region
81, has been designated as purely supersonic. A general treatment of




such regions is given in reference 15. Regions like 8, are influenced

by upwash regions ahead of the wing and are, for example, involved in

the side edges of the rectangular plan form. Some recent work on rec-
tangular wings is contained in references 16 to 18. The triangular or
delta plan form with subsonic edges involves two regions like S, and

their interaction. Recent reports dealing with this configuration are
references 19 and 20. Regions like Sz are influenced by subsonic

trailing .edges as well as by the upwash regions ahead of the subsonic
leading edges, and their analysis has not as yet been pursued very far.

The references listed are by no means complete, as a large number
of investigators have tackled various phases of the unsteady-flow prob-
lem for supersonic speeds by the use of many different mathematical
techniques. It is appropriate to mention one numerical approach still
in a state of development that has recently attracted some attention.
This has been termed a "box" method and was proposed by Pines and others
in reference 21. In application, it is similar to the lattice approach
discussed for subsonic flow, and hence the details will not be given
here.

Illustration of two- and three-dimensional effects. - Use may be
made of some available numerical results for a wing of rectangular plan
form to indicate some pertinent differences between two- and three-
dimensional aerodynamic coefficients, and also to indicate some signif-
icant effects of these coefficients with regard to calculated flutter
speeds.

As a first illustration, figure 6 presents the spanwise distribu-
tion of the components of moment coefficients Mz and M, for a rec-

tangular wing of aspect ratio 4 oscillating in pitch about midchord.
That for Mz represents the component in phase with the position of the

wing and thus contributes to the aerodynamic stiffness. That for M,

is the component 90° out of phase with the wing position and thus con-
tributes to the wing aerodynamic damping. The distribution in the tip
regions beyond the Mach lines (shown dashed) is significantly different
from the two-dimensional type of distributicn in the region between the
Mach lines. For example, My 1is negative in the two-dimensional region

corresponding to negative aerodynamic damping; whereas, in the tip re-
gions it changes to positive values corresponding to damped conditions.
Such variations in coefficients may be of special significance with
regard to flutter and dynamic stability of an aircraft. The importance
of some of these effects can be seen by referring to figure 7, where
some flutter calculations for a cantilever wing of rectangular plan form
and of aspect ratio 4 have been made on the basis of two-dimensional and
three-dimensional coefficients. Substantial differences of the order of
5 to 30 percent occur in the Mach number range shown. Experimental re-
sults for this wing at M = 1.3 tend to confirm the three-dimensional
or rectangular-wing approach.
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It should be pointed out that these examples are based on the
motion of the rigid rectangular wing. To obtain aerodynamic coefficients
covering various modes of deformation of concern for deformable wings for
either supersonic speeds or, as discussed, for subsonic speeds would re-
quire a prodigious numerical effort. A recent development of general
interest in theoretical aerodynamics that lends hope to greatly alleviate
this situation is the subject of reciprocity as it applies to aerodynamics
in the form of reverse-flow relations. An indication of the meaning and
some possible uses of these relaticns follow.

Reverse-Flow Relations

Reciprocal relations in aerodynamics may, in fact, be considered as
a generalization of classical concepts of reciprocity occurring in dy-
namics, in structures, and more particularly in acoustics. These, it
may be recalled, are related to the broad principle of conservation of
energy and to the principle of virtual work.

Thus, in the field of structures, the reciprocity rule is that the
displacement at point A due to unit load at point B is equal to the dis-
placement at point B due to unit load at point A. In acoustics, a re-
sult of Helmholtz may be recalled: that if, in a space filled with still

air (no wind), sound waves are excited at any point A, the resulting

velocity potential at a second point B is the same both in magnitude and
phase as it would be at A if B were the source of sound.

The generalization of these reciprocal relations to aerodynamics
or, for that matter, to acoustics in the presence of a wind involves the
consideration of the reverse wind or the reverse flow. The most general
results are attributable to Flax (ref. 22), who treated harmonically
oscillating wings, and to Heaslet and Spreiter (ref. 23), who considerea,
in addition, transient flows. To be more concrete, consider a general
plan form in direct flow Ups associated with a normal velocity distri-

bution wp and the same plan form in reverse flow Ur associated with

any other normal velocity distribution wp:

LJ[) {//"——----‘\\\\ LJF?

——— apm—

S

Sketch c
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Let 1p vrepresent the pressure loading on the plan form in the direct
flow and LR, the pressure loading on the plan form in the reverse flow.
Then, the reverse-flow theorem may be expressed in the form

ffI.DwRdS=ffLRWDdS (16)

where each integration is taken over the plan form.

The theorem may be of particular interest for problems of the har-
monically oscillating wing, in that it may provide a means for obtaining
aerodynamic results for elastic modes from rigid body modes. For exam-
rle, let wp refer to uniform harmonic translation of the rigid wing

in the reverse flow and let Ly be its assoclated pressure distribution.

Then, the left side of equation (16) is, except for a constant, the in-
tegration of the pressure over the surface and defines the total 1lift;
while the right side expresses this 1ift as an integration over the plan
form of the known arbitrary normal velocity wp and the relatively

simple pressure distribution Lr associated with the uniform transla-

tion. For example, with WR = (constant) eiwt,

Total 1ift = wp ff Lp ds =ff Ly wp 4S (16a)

Thus, total lift results for a mode of deformation may be expressed in
terms of pressure results for a mode of rigid translation. Indeed, with
Lr serving as the appropriate influence or Green's function, it is pos-

sible to obtain innumerable solutions from only one known solution. Re-
sults of interest are obtained, for example, not only for the 1lift but
also for the pitching, rolling, and aerodynamic-bending moments, as well
as control-surface aerodynamic-influence coefficients or generalized
forces. Other uses are: it may serve to provide a numerical and ana-
lytic check cn approximate methods; it may also be of assistance in ex-
perimental determination of oscillating air forces. Perhaps one of the
most important applications may be in the combining of the aerodynamic
and structural analyses by leading to aerodynamic-influence functions
associated with structural deformations. The next section touches
briefly on this combined aeroelastic problem.

Combined Aerodynamic and Structural Problem
Let Z(x,y,t) represent a normal harmonic deflection of the wing

associated with frequency w; let G(x,y;E,n) represent the structural-
influence function, giving deflections at x,y due to concentrated unit
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load at &,7n; and let m(¥,n) represent the wing element of mass. Then,
the general integral equation which combines the aerodynamic and struc-
tural problem for any wing capable of harmonic vibrations may be ex-
pressed as

Z(x,y,t) = w? ff G(x,y;&,n) m(&,n) z(&,n,t) d& dn +

ff G(x,y3E,m) L(E,n,t) A& dn (17)

If L 1is imagined to be zero - that is, there are no air forces acting -
the equation reduces to the vibration problem or eigenvalue problem of
determining natural frequencies and modes of the wing. Thus, the first
integral term represents the contribution of the inertia forces to the
deflection, while the second integral term represents the contribution of
the aerodynamic loading to the deflection. Other applied loadings may,
of course, be added separately as additional terms. (Since harmonic vi-
brations are assumed, it is convenlent in general to consider w? as a
complex frequency of the form W (l + ig) where g 1is a measure of the

positive or negative damping required in order to permit harmonic vibra-
tions to occur.)

The problem of determining the aerodynamic loading, as has already
been discussed, is itself a formidable one and involves the numerical
inversion of equation (5) for any plan form. With equation (5) written
in the form

w(x,y,t) = gZ_ +U ?TZ 41];[) ff L(E,n,t) K(x,y;E,1) ds

it is noted that the derivatives of the deflection function would appear
implicitly in L in equation (17) and that this combined problem is of
a more general form than that discussed in connection with only the aero-
dynamics. However, by the methods that have been indicated, L. may be
determined numerically for a whole matrix of deflection functions, and
hence the combined problem may feasibly be treated in a direct numerical
manner. :

Another approach has recently been suggested by Ashley, Voss, and
Zartarian (refs. 24 and 25) in which the reciprocity relations discussed
in the preceding topic may play an important role in alleviating the
labor. Thus, the second integral term in equation (17)

jrj~G L as
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may be replaced by its reciprocal relation

[J@ v E) e

where Lo 1is the aerodynamic loading on the plan form in reverse flow

with the normal velocity distribution chosen as the influence function
G itself. This form has the advantage of making the dependence of the
aerodynamic loading on the deflection explicit rather than implicit. It
is another example of converting an integral involving the aerodynamic
loading on the deformable wing into one that can be expressed in terms
of a known type of motion for the plan form in the reverse flow. It is
not to be implied that the determination of the structural-influence
function G 1is a simple task. Its determination, experimentally or
analytically, is in itself a problem meriting and requiring much addi-
tional research.

CONCLUDING REMARKS

This paper indicates that the theoretical aerodynamic problem of
the linearized oscillating wing can be resolved in a truly three-
dimensional treatment and numerically accomplished. It is not to be
implied that the subject is a closed one; 1t goes without saying that
analytical procedures, as, for example, a complete treatment of the
elliptic plan form, can supplement and illuminate the work. The aero-
elastic problem combining the aerodynamic and the structural problems
also gives hope of being resolved in a similar numerical fashion in the
not too distant future.
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3. STRENGTH ANALYSIS OF MULTIWEB THIN WINGS

By Norris F. Dow and Roger A. Anderson
Langley Aeronautical Laboratory

SUMMARY

Recent investigations of the strength of thin wings of multiweb
construction are reviewed. The relation between web support stiffness
and ultimate strength is analyzed, and methods are given for evaluating
the support stiffness. The results of this analysis are compared with
experimental data. Methods are also given for the correlation of the
strength of multiweb construction with material stress-strain properties
at room and elevated temperatures.

INTRODUCTION

The structural problems associated with current and projected air-
craft have given rise to the use of new structural forms and materials.
These new forms and materials in turn have required new methods of
strength analysis. The present paper is a review of recent NACA inves-
tigations pointed toward the extension of knowledge of wing structural
strength. In particular, thick-skin construction of the multiweb type
(one of the configurations of current interest for thin wings) is con-
sidered. This review is divided into two phases. The first phase con-
cerns room-temperature static strength, particularly in regard to the
way the skin allowable stresses are influenced by web supporting stiff-
ness. The second covers correlation of strength with changes in mate-

rial properties.

SYMBOLS

The symbols used for beam dimensions are indicated in figure 1.
These and other symbols used are as follows:

by distance from rivet line to web center line, in.
bS web spacing, in.
by web height, in.

Esgc secant modulus, ksi

T effective rivet offset distance, in.
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tg skin thickness, in.

tw web thickness, in.

o stress, ksi

ch O.2-percent offset compressive yield stress, ksi
Gf average stress at failure, ksi

STATIC STRENGTH ANALYSIS

In anticipation of the trend of thick-skin construction, studies
were initiated several years ago of multiweb wing construction of the
type illustrated in figure 1. This construction is characterized by
thick skins which carry 90 percent or more of the bending moment and
which are supported by a number of spanwise shear webs as indicated in
the sketch at the bottom of the figure. An idealization of this con-
struction for analysis is indicated in the enlarged view at the top of
the figure. The symbols for the various dimensions used in this paper
are identified in the figure.

The allowable compressive stress for the skin in this type of con-
struction depends on the restraint offered the skins by the internal
webs. In a strength analysis of multiweb construction given in refer-
ence 1, buckling coefficients were computed for the skin assuming an
idealized integral type structure (as indicated in the enlarged view 1n
fig. 1), which provides a rigid deflectional support for the cover skins
along the web lines. Subsequent experimental results (ref. 2) on a sys-
tematic series of built-up beams, however, showed poor correlation in
many cases with the buckling behavior calculated from this analysis.

Two basic types of characteristic behavior at buckling were noted in
these tests. This behavior is illustrated in figures 2 and 3. In beams
of certain proportions the mode of buckling that occurred corresponded
to local buckling as assumed in the integral web analysis. As shown in
figure 2, it is characterized by a sinusoidal wave pattern that is sup-
pressed along the web support lines so that the buckles do not extend
across the support lines, and from bay to bay the buckles appear out of
phase. In beams of other proportions, however, the buckles were not
suppressed along the web lines; instead they formed crests and troughs
extending across the entire width of the beam as shown in figure 3.
Here the buckles might be considered "in phase" across the beam. This
in-phase buckling, which occurred at lower stresses than would be pre-
dicted for local buckling, has been called "wrinkling instability."




3-3

The reductions in buckling stress associated with wrinkling insta-
bility are illustrated in figure 4. Here experimentally measured buck-
ling coefficients are plotted as in reference 3 against a parameter
representative of the cell geometry of the beam, namely the ratio of web
height to thickness over the ratio of web spacing to skin thickness.

The curve gives the prediction for the buckling stress coefficients
based on the integral web analysis. A significant point here is that
the assumption of integral type Jjoints between webs and cover skins gives
the upper limit to the buckling coefficients actually achieved, and for
most of the thick-skin proportions the measured coefficients were sub-
stantially lower than the predictions.

The reason for the failure of fabricated beams to achieve the buck-
ling modes and stresses for the idealized integral web construction is
associated with the inherent flexibility of the attachment flanges and
riveted Jjoints between the webs and the skins. The source of this flexi-
bility 1s illustrated in figure 5. In actual practice the beam webs have
an attachment flange riveted to the skins at an offset from the web plane.
Because of the bending flexibility of this cantilever type connection,
buckling of the compression cover can occur by displacements relative to
the tension cover; that is, the compression cover can move up or down
relative to the tension cover as if the compression cover were a wide
column on an elastic foundation. This mode of distortion in which the
buckle deflections grow across the support lines is in contrast to the
localized rotational distortions that are assumed to take place on local
buckling of the idealized integral web beam.

An analysis of the supporting stiffness provided to the cover skins
by this cantilever type connection must take into account not only the
geometrical offset of the rivet line from the web plane, but also must
attempt to evaluate the location of a line along which the rivet pattern
effectively clamps the attachment flange to the skin. An important fac-
tor influencing this clamping is the pitch and diameter of the rivets
used. In general, a given combination of geometrical offset, rivet
pitch, and diameter, will produce an effective offset that does not coin-
cide with the line of rivets. The effective offset distance is denoted
by the symbol £f.

An analysis of the strength of multiweb beams in which the allowable
compressive stress in the skin is related to the effective rivet offset
distance f has recently been made. Essentially, this bending-strength
theory is based upon the behavior of a wide plate supported on flexible
line supports (see ref. 4). The f distance associated with various
attachment flanges and rivet patterns was determined empirically from a
large number of tests on skin-stringer compression panels (ref. 5),
giving the results shown in figure 6. From this diagram the ratio of
f to tw for a given attachment flange design can be determined for



specified values of the pitch-to-diameter ratio for the rivets and the
ratio of the geometrical offset of the rivet line b, to the web thick-

ness ty. The absolute diameter of the rivet was not found to be impor-

tant independently but only as it affected the ratio of pitch to diameter.
When the f value is read from this diagram and used in the strength
analysis for multiweb beams, the results are as shown in figure 7. The
test points here are for the same beams as those shown in figure 4, and
the curves now represent failing stress coefficients calculated for these
beam proportions at the various indicated values of effective rivet off-
set distance divided by the web height. 1In this series of beams the
detaills of the web skin joints were held constant and only the web height
was varied to give these values of f/bw. Satisfactory agreement is in-

dicated between the calculated curves and the test points for the corre-
sponding beam proportions.

The importance of the offset distance in the determination of the
failing strength is indicated by the results of tests of four beams
(ref. 6) in which all proportions were held constant except for the value
of f/tw. The results of these tests are shown in figure 8. For a

change in value of f/tw from 9 to 5, which represents a change in f

of only 1/4 inch for these beams, the ultimate stress was changed from
approximately 30 ksi for the wide offset to nearly 50 ksi for the small
offset. The implication is clear that, with high-strength materials
such as the 755-T6 aluminum alloy used for these beams, substantial in-
creases in strength can be obtained by improved connection design.

A further possibility is that, if true integral construction were
utilized, thereby eliminating the attachment flange and the attendant
support flexibllity, a further increase in ultimate strength can be real-
ized. For example, a recent large deflection analysis of plates supported
in such a manner that the plate edges are constrained to remain straight
long after buckling indicated ultimate plate compressive strengths appre-
ciably higher than had been obtained experimentally. According to this
analysis (ref. 7), which was made for 24S-T3 aluminum alloy, the results
of which are plotted in figure 9 as calculated curves of average stress
against unit shortening, the average stress in the plate continues to
increase as the plate shortens after buckling, with no maximum stress
occurring within the usually encountered range of shortening. These
calculations were made for four plate proportions buckling at the four
stress levels indicated, and the calculated (dashed) curves are compared
in figure 9 with load-shortening curves (solid) measured for plates
tested in V-groove edge fixtures. The behavior of a plate tested in
V-groove fixtures probably corresponds quite closely to that of plates
supported by stiff webs as in a multiweb beam. That is, the V-grooves
are capable of forcing the plates to buckle in a local mode but assuredly
fail to prevent displacement of the plate edges in the post-buckling
range of loading, with the result that a maximum load is reached at
fairly small end shortenings.
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The implication of this analysis is that the provision of very stiff
supports may increase the ultimate strength of plates, but then the high
strength will not be achieved within the usual range of deformation.

What this means in terms of a very thin wing structure is illustrated by
the frames taken from a short movie (fig. 10) of a test of a 4-percent-
thick airfoil section having a single solid shear web down its center.

The wing section was mounted horizontally in the Langley combined
load testing machine and loaded in pure bending by the loading unit
rising and rotating at the right-hand end of the specimen. The bending
moment continued to increase until the test was halted, because the an-
gular travel of the loading unit was used up without failing the specimen.

The total tip rotation was 35° in a specimen length of only l% times the

wing chord (see bottom frame of fig. 10). Obviously, for very thin wings
such as this, if maximum load is not achieved within the usual range of
deformation it becomes important to consider the deflections and rota-
tions associated with maximum load as well as the ultimate strength.

EFFECT OF MATERIAL CHANGES ON ULTIMATE STRENGTH

Because of the effects of aerodynamic heating, the effects of changes

in wing material are becoming of increasing interest. Material proper-
ties change with temperature, and the use of new materials to withstand

Uil VCup el S v e

elevated temperatures with respect to both stiffness and strength must
be considered.

In order to predict the effect of a change in material on the known
strength of a beam constructed of another material, work has been done
to determine how a correlation of structural strength with material prop-
erties may be made. This work (ref. 8) shows that this correlation can
be effected by means of easily defined parameters determined by the over-
all shape of material compressive stress-strain curves. For example, a

material parameter \/ESEcocy can be defined (see fig. 11) which combines

the usual 0.2-percent offset compressive yield stress and the secant
modulus to the compressive stress-strain curve at the failure stress for
the structure. If the failure stresses of geometrically similar struc-
tures are divided by this material parameter, the results are as shown
in figure 12. This figure shows the results of V-groove fixture tests
to determine the ultimate strength of plates of a number of width-
thickness ratios, tested in materials having wide variations in yield
stress and slope of the stress-strain curve. The materials used were a
magnesium alloy, three aluminum alloys, and two steels. When the ulti-
mate strengths of the plates divided by the material parameter are
plotted against the plate width-thickness ratio, the test results for
all materials lie essentially along a single curve. These results are
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typical of those found for other plate structures as well as for plates
in V-groove fixtures, when tested at room temperature. The same tech-
nique appears to be applicable to the prediction of the reduction in
strength of a given structure when subjected to elevated temperature.

A convenient method of making short-time elevated-temperature strength
predictions using this parameter is illustrated in figure 13.

From compressive stress-strain curves obtained for the material at
various temperatures, a plot of ¢ against o divided by the material
parameter can be made for each temperature. The rounding off of each
curve corresponds to the changes in the secant modulus in the plastic
range at the given temperature. The use of a plot such as this avoids
the necessity for a trial-and-error procedure. To predict the steady-
state elevated-temperature strength of a structure that fails at ap-
proximately 62 ksi at 80° F, for example (fig. 13), the corresponding
strength at elevated temperatures is found by dropping vertically at a
constant value of the abscissa to the desired elevated-temperature curve
and then reading the failure stress on the ordinate. This technique has
been found to be applicable to structures such as skin-stringer panels
and multiweb beams that fail by compressive crippling. When applied to
multiweb beams, the results are shown in figure 14.

The failing stresses for two multiweb beam configurations are plotted
in figure 14 against the steady-state temperatures at which the tests were
run. The curves represent failing stresses predicted by this method based
upon room-temperature strength for beams at stabilized elevated tempera-
tures, and the test points indicate the experimental values of failing
stress. The accuracy of prediction here appears to be at least as sat-
isfactory as found previously for correlation among entirely different
materials at room temperature.

CONCLUDING REMARKS

The investigations reviewed indicate the important relation between
the allowable stresses that can be developed in thick-skin, thin-wing
structures and the web support stiffness provided to the skins. Strength
analyses based upon the stiffness of riveted attachment flanges show that
the ultimate bending strength of fabricated structures can be predicted.
These analyses also show that the ultimate strength is extremely sensi-
tive to small changes in the effective offset distance of the riveted
flanges and increases substantially as the effective offset 1s decreased.
Accordingly, the details of attachment flanges and connections become an
important design and production consideration. These conclusions re-
garding effects of geometry are independent of material properties.
Satisfactory correlation with materiasl properties of the strength of
thick-plate type structures is obtained through use of a suitably defined

- & = Vol



3-7

material parameter. This parameter appears to give good correlations
of the static strength of plate structures made of different materials
or subjected to different steady-state temperature environments.

7.

8.
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4. SOME STRUCTURAL EFFECTS OF AERODYNAMIC HEATING

"By R. R. Heldenfels, E. E. Mathauser, and W. A. Brooks
Langley Aeronautical Laboratory

INTRODUCTION

The structural effects of aerodynamic heating have become the sub-
Ject of much research in recent years because they limit flight speeds
attainable in the atmosphere. Many papers have been written about these
effects (refs. 1 to 3, e.g.), but some aspects of the resulting struc-

tural problems are still only vaguely understood or as yet uninvestigated.

This paper will review some of these effects that may be significant in
the design of man-carrying aircraft that fly at moderate supersonic
speeds. The effects discussed will be illustrated by examples taken from
NACA research, both published and unpublished.

TEMPERATURES ENCOUNTERED IN FLIGHT

Before discussing the structural problems, the temperatures exper-
ienced by supersonic aircraft will be considered. The magnitude of the
maximum temperatures encountered is shown in figure 1, which is the
familiar plot of adiabatic wall temperature against Mach number for an
altitude of 40,000 feet. The adiabatic wall temperature is the equi-
librium temperauure attained at the surface of an aircraft structure
during sustained flight. It can be seen that the temperatures are be~
yond human endurance at M = 2 and that the failure of common aircraft
materials becomes a problem. At higher speeds, structural materials
lose strength, and sustained flight for even pilotless aircraft is impos-

sible without substantial cooling.

The structure does not attain these temperatures instantaneously
because of the heat capacity of the structure and the time required for
heat to be transferred from the boundary layer to the structure. This
temperature lag is very beneficial, since short flights are possible at
high Mach numbers without excessively high temperatures. The times in-
volved depend on the flight path and the configuration of the structure.
An example of the temperature history of a representative aircraft struc-
ture is given in figure 2. The Mach number and two structural tempera-
tures are plotted against time in minutes for a short flight at 40,000
feet altitude. The airplane, initially cruising at Mach number O. 75
accelerates at 1 g to Mach number 3.0 and then flies steadily at this
speed. The structure considered is one of the skin and web combinations
that forms a multiweb beam. The temperature is shown for a point on the
skin and for a point on the center line of the web. The variation of
adisbatic wall temperature with time is also included. The curves show
that considerable time is required for the skin to stabilize at IAW

and that the interior temperature lags the skin temperature.
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The maximum temperature difference occurs at about 1.2 minutes.
The temperature distribution at this time is shown in figure 3, which
presents details of the structural component, the temperature distribu-
tion along the surface, and the temperature variation down to the center
line of the web. The rapid heating experienced by this structure has
resulted in temperature differences that will induce thermasl stresses.
The nature of these thermal stresses is considered in more detail later.

STRUCTURAL EFFECTS

The times and temperatures associated with aerodynamic heating of
structures can be used to classify some of the more important structural
effects. 1In the following table, these effects are divided into two
groups, those resulting from uniform elevated temperatures and those
resulting from nonuniform temperature distributions produced by changing
flight conditions:

Straétural effects

Uniform elevated | Loss of strength

temperature and stiffness
Creep
Nonuniform | Thermal stresses
temperature Reduced stiffness
distribution Buckling

Uniform elevated temperature implies flight under stabilized conditions
with a general deterioration of material properties that leads to loss
of strength and stiffness and to creep. When a structure creeps, con-
tinual deformation occurs under load, and failure results at a load
level less than the load that can be supported in a short-time test.
When a nonuniform temperature distribution exists in the structure,
thermal expansion will have a similar variation that will induce thermal
stresses. These thermal stresses may have an adverse effect on the
strength and deformation of the structure. One of the more complex
phenomena associated with them is a reduction in effective stiffness
produced by small thermal stresses - this is different from changes in
stiffness that result from a reduction in the elastic modulus. Thermal
stresses may also become large enough to produce buckling. Buckling
and reduced stiffmess of an aircraft structure may be very important,
because they could lead to serious aeroelastic problems, such as flutter,
that otherwise might not occur.

The general nature of the effects listed is the same regardless of
temperature level or Mach number, but the magnitude and relative impor-
tance of these effects will vary with the flight conditions. Insulating
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or cooling the structure can greatly alleviate these problems by reducing
both the temperature level and temperature differences. Likewise, better
materials could greatly reduce or eliminate these problems which arise
because materials expand and lose strength as temperature increases.

The structural designer can also partially solve these problems by de-
vising structures that are not susceptible to aerodynamic heating ef-
fects, particularly those arising from rapid heating. In the remainder
of this paper the effects shown in the table will be discussed in

greater detail. The structural effects of uniform elevated temperatures:
are considered first.

Uniform Elevated Temperature

Elevated temperatures produce changes in material properties, such
as loss of ultimate tensile strength as shown in figure 4. timate
tensile stress of 24S-T3 aluminum alloy is plotted against temperature
for preheating times, that is, time exposed to temperature before load-
ing, ranging from 1/2 to 1000 hours (ref. 4). A large decrease in the
uwltimate tensile stress can be noted for temperatures above 300° F and
for increased preheating times. A small increase in strength occurs
for long preheating times at about 300° F because of artificial aging.
The stiffness of the material, as given by the elastic modulus, also
shows a reduction with temperature, but preheating time has no signif-
icant effect. The elevated-temperature properties of structural mate-
rials and the most efficient materials for various structural applications
are discussed in paper number 5.

Information of the type shown here can be used directly in the
design of tensile members such as the tension cover plate of a box
beam; however, determination of the elevated-temperature strength of
compression members is more complex, because both material and struc-
tural properties must be considered. Previous investigations have shown
that, if the behavior of compressive members is known at room temper-
ature, the behavior of these members at elevated temperature can be pre-
dicted satisfactorily by substituting the elevated-temperature stiress-
strain curve for the root-temperature curve (ref. 5). Methods for pre-
dicting the compressive strength of wing structures are discussed in the
preceding paper.

The technigues obtained from such studies were applied in an in-
vestigation of the static strength and creep behavior of box .beams at
elevated temperatures (ref. 6). Details of the aluminum-alloy multiweb
box beams used in this investigation are shown in figure 5. The beams
were 96 inches long supported at the center and loaded at the tips. Each

beam had five webs and was tapered in depth as shown.
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Static strength. - Results obtained from the static strength inves-
tigation are shown in figure 6. The strength of the tension and compres-
sion cover plates of the box beam is plotted against temperature for
preheating times of l/Z and 2 hours. The tensile strength of the cover
plate was obtained from the material data shown in figure 4. The com-
pressive strength was determined from material stress-strain curves and
the given cross-sectional geometry; this strength corresponds approxi-
mately to the compressive yield stress of the material. These curves
indicate that the tension cover is stronger at all temperatures for
l/2-hour preheating time, and consequently compressive failure of the
beams is expected. For 2-hour preheating, the tension cover is stronger
up to approximately 375° F. Above this tempersture, the strength of the
cover plates 1s approximately equal. Thus, for this preheating time,
either type of beam failure may occur, depending on the temperature. A
comparison between these predictions and limited test data is shown; the
circles represent compressive failure of the beams and the square indi-
cates tensile failure. These test results are in agreement with the
predictions.

Creep. - The results of three creep tests on the multiweb beams are
shown in figure 7. Tip deflections determined experimentally are plotted
against time. The test temperatures, the maximum bending stresses, and
the applied load expressed as a percentage of the load that would produce
immediate failure of the box beam at the test temperature are indicated.
The percentages with the 425° F tests are based on the same short-time
load; that with the 375° test is based on a slightly higher value. At
425° F, the beams failed in relatively few hours when the applied loads
were only 56 and 61 percent of the load required to produce immediate
failure at this temperature. In addition, at the 425° F test tempera-
ture, a decrease of about 10 percent in the applied load increased the
lifetime approximately 70 percent.

Tensile rupture failure occurred in two of the creep tests, but
the beam tested at 425° F with 56 percent of the short-time load applied
experienced a buckling failure. In this particular test, the beam was
not held at 425° F continually but was cooled to room temperature and
reheated to 425° F at the times indicated by the tick marks. The time
at room temperature is not included on the plot.

Attempts were made to predict the type of failure in the creep
tests; however, the results were not successful. The prediction of
creep buckling of the compression cover plate requires a knowledge of
the creep behavior of plates that is not available at present. When
failure of the tension cover is assumed to occur, however, the time to
failure can be predicted satisfactorily from material tensile creep
data.
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Figure 8 shows tensile rupture stress plotted against a time-
temperature parameter (ref. 7). Data in this form are convenient for
predicting failure time for the tension cover. In the time-temperature
parameter, TR is temperature in °R, t is rupture time in hours, and
17 is a material constant. The results of tensile creep tests ranging
from 300° to 600° F define the master rupture curve. The box-beam creep
test results are indicated by the larger symbols. The two large open
symbols represent tensile failure of the beams, and compressive failure
is denoted by the large solid symbol. In this particular case, compres-
sive failure of the beam occurred in a shorter time than was predicted
for tensile failure.

If it is assumed that the limited results shown for the box beams
can be extended to a more general investigation of the effects of creep
on the weight of an aircraft wing structure, results such as shown in
figure 9 can be obtained. The increase in weight of a 24S-T3 aluminum-
alloy multiweb beam, similar to those used in the test program, is plotted
as a function of temperature. The solid lines indicate the weight of a
beam designed to support a given load for 1/2, 10, and 1000 hours. The
dashed lines indicate the weight of a beam that fails immediately at the
given design load after preheating times of l/2, 10, and 1000 hours.

In this example, which concerns a particular family of multiweb
beams, preheating and creep increase the weight of the beam consider-
ably, especially at the higher temperatures. The largest part of the
weight increase results from loss of material strength caused by pre-~
heating before load is applied. For example, if the beam is preheated
for 1000 hours at 400° F and is designed to have the same ultimate load
after this preheating as at room temperature, the beam weight increases
to 2.30 times the room-temperature weight. If the beam is designed for
a creep lifetime of 1000 hours - that is, the beam is required to sup-
port the given load for 1000 hours while at 400° F - an additional
weight increase of approximately 15 percent is required. Thus the
severest case for the beam, that is, supporting the given load contin-
ually while at temperature, requires only a l5-percent weight increase
over that required for the preheating case. Since airplanes are ex-
pected to encounter design loads only a small percentage of actual
flying time, it appears that for aluminum-alloy structures at elevated
temperatures, the major portion of the increased weight will result
from loss of material strength with exposure; an additional but less
significant weight increase will result from material creep.

Nonuniform Temperature Distribution
Primary thermal stresses. - Turning now to problems associated with

rapid heating, consider first the nature of thermal stresses. As pre-
viously mentioned, thermal stresses are developed, in general, when the




thermal expansion of a body 1s not uniform. These thermal stresses can
be determined from the equations of elasticity, provided the stress-
strain relations are modified to include thermal expansion. The estab-
lished techniques of the theory of elasticity provide considerable in-
sight to the nature of thermal stresses in simple bodies, but for actual
structures the application of these techniques is often difficult and
impractical. However, a simpler approach (ref. 8) can be used to solve
thermmal stress problems if one accepts the usual limitations of beam
theory; that is, sccondary stresses are unimportant.

The elementary theory that plane sections remain plane yields the
following equations:

Load stress:

op = E<—P- x - x) (1)

+ ==y +
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Thermal stress:
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-EoT + E "/; + \/‘; = ‘[; x| (2)

¥y +
EA L EIy

UT=

where

2

Jj: an) |
EI, fyz a(EA) L (3)
A

ET, f %% 4(EA)
A J

Equation (1) is the familiar stress equation resulting from applied
moments and axial load. BEquation (2) is an analogous form for thermal
stresses in a shell-type structure. The first term in equation (2) is
the stress that results from complete restraint of thermal expansion.

The terms within the brackets provide the stress relief that occurs when
the expansion is only partially restrained, as is the case when thermal
stresses arise from unequal expansion of parts of a free body. The first
term inside the brackets is analogous to P/EA and is the relaxation
required to satisfy thrust equilibrium. The last two terms are analogous
to Mc/EI and ensure moment equilibrium for unsymmetrical temperature
distributions. If the distribution of EaT over the area is uniform

or linear, the terms within the brackets add up to oI, with the result
that the thermal stress is zero.

I
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If the temperature distribution is nonuniform and the temperatures
are sufficiently high, the modulus of elasticity will vary across the
area and will differ from the room-temperature value. By defining EA
and the EI's as shown in equation (3), the effects of the variable
modulus of elasticity, whether resulting from temperature variation or
the use of different materials, are included in the stress analysis.

If these equations are applied to a simple beam with the cross
section and temperature distribution shown in figure 3, the results
shown in figure 10 are obtained. Two stress distributions are shown
for a representative portion of the section, the stress being plotted
against distance measured along the upper skin to the web, down through
the web to the lower skin, and then along the lower skin. The load
stresses produced by a bending moment are indicated by the dashed curve.
As usual in a wing structure, there are compression stresses in the upper
skin and tension in the lower skin. The solid curve represents the ther-
mal stresses produced by the temperature distribution of figure 3. The
thermal stresses produce some compression in both skins and tension in
the web. It is evident that when the load and thermal stress are super-
imposed, the stress condition in the compression skin is aggravated,
whereas that in the tension skin is alleviated.

The fact that thermal stresses aggravate the stress condition on
some portions of the beam is a serious design problem. Design ingenuity
can be used, however, to reduce the thermal stresses and alleviate the
problem. For example, the area ratio of the skin and web can be changed,
the coefficients of thermal expansion may be favorably altered by using
different materials for skin and web, or the mutual restraint existing
between the skin and the web may be reduced. Of these approaches, chang-
ing the degree of restraint between the skin and the web seems to offer
the best remedy for general use. If the web were designed to provide
very little restraint to the thermal expansion of the skin, while con-
tinuing to perform its function of preventing premature skin buckling,
the thermal stresses would be negligible.

Figure 10 also shows that the thermal stresses and the load stresses
are dissimilar in distribution, a fact that must be considered in a stress
analysis based on a simplified idealized representation of the structure.
For the load-stress problem, the maximmm stress occurs in the skin and
is uniform over the skin. In the thermal-stress problem the stress varies
over the skin, and substantial stresses occur in the web; in fact, in
this example the mpaximum thermal stresses are in the web.

Secondary thermal stresses. - The preceding discussion has been
concerned with the primary thermal stresses. Secondary thermal stresses
arise from stress diffusion in the vicinity of discontinuities in the
structure or spanwise temperature distribution. Stress diffusion re-
sults from shear deformation of the structure combined with boundary




conditions that are not consistent with elementary theory. Although
basically similar, the stress diffusion problems of load and thermal
stresses differ in detall because of differences in the elementary
stress distribution. In addition, the free end of a beam subjected to
thermal stresses presents a thermal-stress diffusion problem not usually
present in the load case, although it is basically similar to the cut-
out problem.

The diffusion of thermal stresses near & free end can be demon-
strated by a stress analysis of the simple structural element shown in
figure 11. The rectangular flat plate subjected to a tent-like tempera-
ture distribution is a simplified structure susceptible to analysis and
has practical significance because it resembles the skin panel between
ad jacent webs of a multiweb beam. The temperature difference AT induces
the thermal stresses; the edge temperature exists uniformly over the
plate and thus produces no thermal stress. The total temperatures in-
volved in this example are at a low level, and thus any changes in
material properties from those at room temperature may be neglected.
Because of the symmetry of the temperature distribution, only the
shaded quadrant need be considered in the stress analysis.

Figure 12 shows the three types of thermal stress produced in the
midplane of the plate by the temperature distribution of figure 11.
The distributions of the longitudinal direct stress oy, the transverse

direct stress cy, and the shear stress Txy are shown, each stress

distribution consisting of a transverse and longitudinal plot of the
particular stress along the line where the maximum values occur. Along
the transverse center line, the longitudinal direct stress oy, has its

maximum values and is approximated by elementary theory. However, the
transverse edges of the plate are stress-free, and oy decays to zero
at the transverse edges. Both the transverse direct stress o and the
shear stress Txy result from the condition that o, must be zero at
the transverse ends of the plate. These stresses were calculated by the
energy method and were published along with some experimental measure-
ments that agree well with calculated values (ref. 9). Substantial com-
pression stresses, both transverse and longitudinal, exist at the center
of the plate, and it could be expected to buckle as a result of these
stresses. In fact, the stresses shown are the theoretical thermal
buckling stresses for this plate when it is simply supported at the
edges.

Buckling. - The buckling of the plate was investigated both theo-
retically and experimentally (ref. 10) with the results shown in figure
13. The temperature difference AT 1is plotted against Vg the center

deflection that exists in addition to the initial center deflection Wy
The critical temperature difference, determined by small deflection




theory, and the growth of center deflection, given by large deflection
theory, are shown by the upper curve for a perfectly flat plate. The
lower curve is given by large deflection theory for a plate with initial
curvature similar to the buckling mode and with an initial center de-
flection equal to 18 percent of the plate thickness. Some experimental
measurements for such a plate are also shown. It is evident that, as
far as buckling is concerned, the behavior of the plate under thermal
stress is very similar to its behavior under an applied compressive
load, with one exception not shown; that is, thermal buckling is in-
dependent of the modulus of elasticity.

At the critical temperature difference, calculated by small de-
flection theory for the flat plate, the deflection of the initially
curved plate is relatively small and approximately equal to the plate
thickness. Thus, the small-deflection-theory critical temperature
difference, although somewhat unconservative, is a good approximation
to the thermal buckling of the initially curved plate.

Reduced stiffness. - Some objectionable results of buckling are
the deformation of aerodynamic surfaces and reduction of stiffness.
However, the reduction of stiffness is not confined to the buckling
or post-buckling region. Loads well below the buckling load will also
cause reductions in stiffness that may be indicated by changes in the
natural frequencies of vibration and increased deflections under load.

Figure 14 illustrates reduction of stiffness due to thermal stresses.
On the left, center deflection produced by a lateral pressure load is
plotted as a function of the temperature difference, or thermal stress,
in the simply supported plate. As the temperature difference increases,
the deflection increases without change in the load. When the tempera-
ture difference approaches its critical value, the center deflection of
the plate theoretically becomes infinite, which is eguivalent to zero
stiffness. A similar effect on frequency change is shown on the right,
where the frequency of the first two symmetrical modes is plotted as a
function of temperature difference. A very substantial decrease in the
frequency of the first symmetrical mode, which is similar to the buckling
mode, is evident. The second mode does not show as large a percentage
decrease in the temperature range considered. The results shown were
obtained from small deflection theory and thus are in error near the
points of theoretical zero stiffness; elsewhere the results should be
valid. Again it should be emphasized that the effects shown in this
figure do not result from changes in material properties; they result
from the stresses in the midplane of the plate. Any midplane stress,
whether load or thermal, would produce similar results; but the net
effect on the structure would differ because of basic differences in
the distribution of load and thermal stresses.
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CONCLUDING REMARKS

Some of the structural effects of aerodynamic heating have been

described and illustrated with examples from NACA research. The effects
considered may be significant factors in the design of supersonic air-
craft, but considerable research is needed to determine their exact
nature and magnitude.
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5. SOME CONSIDERATIONS ON AIRCRAFT STRUCTURAL MATERIALS
FOR HIGH-SPEED FLIGHT

By George J. Heimerl
Langley Aeronautical laboratory

Until recently, there has been no immediate need for concern as to
the effects of elevated temperatures on the properties of ailrcraft
structural materisls except In reglons close to power-plant systems.
Supersonic speeds of Mach 2 to 2.5 have now been achleved, however,
and boundary-layer temperatures have risen as much as 4506 F. As
speeds increase still further, the effects of elevated temperatures on
the properties of structural materials will constitute cne of the major
obstacles to very high-speed flight.

Some of the material properties requiring consideration under
elevated-temperature conditions are as follows:

Properties of materlals

Mschanlcal Strength
Stiffness
Creep

Physical Thermal
Corrosion
Welight

This paper is concerned chiefly with the effects of elevated tempera-
tures on the mechanical properties of strength, stiffness, and creep;
and, except for the weight, the physical properties will not be taken
into sccount, although they alsc play an lmportant part in material
and structural behavior at elevated temperatures.

The chief effect of elevated temperatures on materials is to alter
their properties. Ordinarily, the strength and stiffness are reduced,
the extent depending upon the material, the exposure time, and the
temperature. The strength problem will be difficult to cope with be-
cause of the varied temperature and exposure conditions which will be
the rule rather than the exception under actual flight condltions.
Stiffness is an important consideration in the design of high-speed
aircraft becauge of the greater pogaibility of flutter; divergence,; or
excessive distortion. Although the stiffness 1s reduced by elevated
temperatures, it fortunately is independent of time effects as long as
-the material remalns elastic.
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At elevated temperatures, materials tend to creep or stralin while
under load. Thils time-dependent straln may require consideration, as
permanent set, excessive distortions, and even rupture may occur under
tenglle loading. Creep buckling of structural elements loaded in com-
pression may also take place. As high-speed flight will be maintained
only for relatively short periods of time, short-time creep behavior
will have to be taken into account. Cumulative effects over longer
periods, however, will also need to be considered. Some of these ef -
fects are covered in paper 4 on "Structural Aspects of Aerodynamic
Heating."

Many materials that are satisfactory for use at normal temperatures
may corrode or oxlidize badly at elevated temperatures. Materials may
requlre speclal surface protection or treatment if they are to be
gerviceable under such conditlions. At elevated temperatures, the
welight of the alrcraft structure is as primary a conslderation as at
normal temperatures. Consequently, the weight as well as the strength
of the materlals must be taken into account for the different struc-
tural appllcations.

Three examples 1llustrating the effect of temperature and time on
the properties of materlisls will now be given. The first of these
shows the effect on the tenslle yleld stress for a high-strength alumi-
num alloy 75S-T6 (fig. 1). The solid curves are obtalned from stress-
strain tests under constant temperature and strain rate conditions for
various exposure times. At 4000 F, the yleld stress for l/z-hour ex -~
posure 1s about half that at normal temperatures. Longer exposure
times reduce the stress still further. The dashed curve 1s obtained
from tests in which the material 1s kept under constant load while it
1s heated at 100° F per second until yield and fallure occur. In this
case, a conslderable increase 1n yield stress is found over that ob-
tained from tests at constant temperatures for 1/2-hour exposure.
Consequently, temperature, time, and heating rate may all be important
factors.

An example of the possible magnitude of the creep obtalned for
short times under load is shown in figure 2 (ref. 1) by deslgn curves
for the same aluminum alloy at 500° F. These results were obtalned
from short-time creep tests In which the material was first loaded and
then heated at 70° F per second to the test temperature. The curves
show the stress requlred to produce different amounts of total atrain
in varlous times. A l-percent total strain occurs in only 1 minute
for a stress of about 22 ksi. Although these curves doc not show the
permanent creep strain, a 0.2-percent permanent strain occurs in about
20 minutes at 15 ksl at this temperature. BEven though this example 1s
an extreme one, as 500° F 1s considerably above the working range for
this material, it affords an 1llustration of what can occur in the
creep of materials.
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The last example shows the effect of varylng the rate of straining
on the strength of a material. Thls effect 1s unimportant at normal
temperaturea for the structural aluminum alloys, but may be pronounced
for other materials, particularly at elevated temperatures. Flgure 3
ghows the increase in average stress with strain rate obtained for an
annealed 7 percent manganese titanium-base alloy at normal temperatures
and at 800° F (ref. 2). This stress is a measure of the average height
of the stress-strain curve and 1s somewhat greater, in general, than
the conventional yileld stress. Straln rates usually employed in tesis
of materials are on the order of 10-2 to 10-3 per minute. Strain rates
of 10% per minute are obtained under impact conditions. An appreciable
increase in stress with strain rate 1s obtained for this material es-
pecially at 800° F. This effect appears to be guite general at sle~
vated temperatures for many materials and may alter the strength
considerably from that established by conventiocnal or standard tests.

With few exceptions, current practice has been to employ high-
strength aluminum alloys for the bulk of the ailrcraft structure. Al-
though these materials have made possible the construction of light-
welght efficient structures, their use in supersonic alrcraft will be
limited because of the adverse effects of elevated temperatures on
thelr properties. As thelr use for structural purposes will be general-
ly inadvisable if temperatures should go above 3000 to 400° F at the
most, other more temperature-resistant materlals are required for the
next higher range. The need for tempersture-resistant substitute
materials that can provide light-welight structures 1s apparent. The
remairder of this paper shows what can be expected wilth some currently
available etructural materlals under constant temperature conditions up
to about 1000° F, taking into account strength, stiffness, and welght
for a number of structural applications.

The materials selected for thilis purpcse include a high-gtrength
aluminum alloy that serves as an efficiency yardstick, a titanium al-
loy, an ultra-high-strength steel, and a high-temperature nickel-base
alloy. The titanium alloys, llike the aluminum &lloys, are character-
istically light-weight, high-strength materials, which show promise
of meeting alrcraft structural requirements up to about 800° F. The
ultra-high-strength steel, although heavler than the other materials,
has been utilized at normal temperatures at very high strength levels
and under such clrcumstances can compete with the lighlter materials.
The high-temperature alloy 1s included for comparative purposes.

As no single criterion or basis can be found for making such
comparisong for all the various possible structural applications, some
of the principal cases will be covered. These include the tensile
yileld strength, stiffness, and the buckling of columns and plates
under compression loading. The comparisons are based upon the use of
tensile and compressive stress-strain data obtained under constant-
temperature and strain-rate conditions for 1/2-hour exposure time.
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Creep 1s agsumed not to be a factcr. The properties of the ultra-high-
strength steel at elevated temperatures were assumed and taken to be
the same at 800° F as the same material heat-treated to high- instead
of ultra-high-strength levels. The tensile properties of the aluminum
alloy at elevated temperatures were assumed to be the same as the com-
pressive properties for which data were avallable. Except for the
tensile properties for the tltanium alloy and the ultra-high-strength
steel at normal temperatures, the results are based on data for sheet
materlals. Data were taken from various sources (refs. 3 to 5).

Values of the tensile yleld stress, Young's modulus, and the den-
sity for the various materials are given in the following table:

Material Tensile Young's Density,
yleld modulus, 1b/cu in.
stress, psl

kai

785-T6 82 10.5x106 0.10

RC-130-A 138 16.0 .17

SAE 4340 242 29.5 .28

Inconel X 110 32.0 .30

The aluminum alloy 785-T6 is one of the newest and strongest of the
aluminum alloys. The tltanium alloy RC-130-A is an 8 percent manganese
titanium-base alloy. SAE 4340 is a low-alloy, nickel-chromium-
molybdenum steel that has been heat-treated to ultra-high-strength
levels, 280 ksi tensile ultimate stress in this case. Inconel X is a
70 percent nickel, 15 percent chromium alloy that has high strength up
to about 1500° F. These materials cover a wide range of properties.
Tenslle yleld stresses vary from 82 to 242 ksl, moduli run from 10.5
to 32x106 pel, and denslties vary from 0.10 to 0.30 pound per cubilc
inch.

The strength efficlency of the various materlals at elevated tem-
peratures 1is shown In figure 4. The tensile yileld stress 1s taken as
the criterlion for strength, and the efficlency is measured by the
yield stress-density ratio. Except for Inconel X, these materials all
have about the same efficlency at normal temperatures. The efficilency
of the steel is somewhat greater than that for the titanium alloy at
elevated temperatures. Inconel X is the most efficient materlal above
about 850° F, but 1t has a relatively low efficlency at normal tempera-
tures. Temperatures up to 1200° F have very little effect on this
materlal, whereas the efficlency of the aluminum alloy drops off rapidly
with temperature.




The elastic stiffness efficiency of the various materials at
elevated temperatures is shown in figure 5. The stiffness is given
by Young's modulus, and the efficiency is determined from the modulus-
density ratio. The moduli used for this purpose are those cbtained
from compression loading, whick run slightly higher than for tensile
loading. The efficiencies of the materials are all about the same at
normal temperatures. At elevated temperatures, Inconel X is the most
efficient on a stiffness basis, and the steel and titanium alloy are
next In order. The efficiency of the aluminum alloy drops off the
most rapidly with temperature.

Compression loading dictates a conslderable portion of the air-
craft design. Unfortunately, simple comparisons of materials such as
those just given are not possible for compression loading, because
failure may occur by buckling, and both the properties of the material
and the structural characteristics are involved. Comparisons of the
various materials will next be given for columns and plates loaded in
compression, using the structural index method (ref. 8). For column
buckling, the tangent modulus formula was utilized. For the plate
compressive strength, the relation for the average stress at failure
for simply supported plates, which was shown earlier in the program to
hold for many materials, is used. This relation is

1/2 ¢

b
where ¢fr 1s the average stress at failure; Egec 18 the secant modu-
lus associated with cf; Oc is the 0.2-percent offset compressive
yield stress; and t and b are the plate thickness and width,
respectively. Both the column and plate formulas are assumed to be
valld at elevated temperatures, because such relations have been
shown to apply at elevated as well as at normal temperatures under com-
parable conditions (refs. 7 and 8). The compressive stress-strain
curves are required for these calculations. Only the detailed compari-
sons at normal temperatures will be given.

cf = 1.60 (Eggc ch)

The efficiency of the various materials for column buckling at
normal temperatures is shown in figure 6. The structural index
Popcf /I comprises the buckling load Pgp, the end fixity c. the
shape factor f, and the column length L. The efficiency is given by
the stress-density ratlo, where the stress is the buckling stress
assoclated with P.,.. The relative efficiencies of the materials vary
witih the value of tue ifndex. Small indsx values corrcopond to small
loads, low stresses, and long columns. In this region, the most effi-
cient materials are, in order: the aluminum alloy, the titanium alloy,
and then the steel and high-temperature alloy. For large index values,
which correspond to large loads, high stresses, and short colwmns, the
ultra-high-strength steel is now slightly more efficient than either
the aluminum or titanium alloy. Inconel X 1s comparatively inefficient
for use in columns under both jow and heavy loading conditions.
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Similar comparisons of the various materials on the basis of
plate compressive strength are given in figure 7. The structural
index P/b2 includes the load P at fallure and the plate width b.
The efficlency is measured by the stress-density ratio, where the stress
is the average stress at failure which corresponds to the load P.
Small index values correspond to small loads, low stresses, and wide
Plates; and large values, to large loads, high stresses, and narrow
plates. The relative efficlencles of the materials remain about the
same for the plate compressive strength over a wide range of index
values. The aluminum alloy 1s the most efficient, and the titanium
alloy, steel, and nickel-base alloy follow In that order. If very
high loadings and stresses are involved, however, materials such as
the ultra-high-strength steel can glve efficlencies about as high as
those obtalned with the lighter materials, which level off at the very
high streases.

The relative efficiency of the various materials at 80° and 800° F
is summarized in figure 8. Comparisons are given at 800° F, because
this is probably close to the upper limit of the working range for the
titanlum alloy and the ultra-high-strength steel. The various applica-
tions Include tensile yleld strength, elastic stiffness, column
buckling, and the strength of compressed plates. The first pair of
bar graphs represents in each case the aluminum alloy; the second, the
titanium alloy; the third, the steel; and the last, the nickel-base
alloy. The efficlency of the high-strength aluminum alloy at normal
temperatures is taken as unlity for each applicatlion and as a base for
determining the relative efficliencies of the other materials at both
800 and 800° F. Comparisons for column buckling and plate compressive
strength are glven for high index values of 400 and 8 ksi, respectively.
An examination of these results shows that at normal temperatures the
titanium alloy 1s about as efflcient or nearly as efficient as the
aluminum alloy for the different applications. Further improvement in
the titanlum alloys may provide an appreciable increase 1n efficiency
over the high-gtrength aluminum alloys for some of the applications.
Ultra-high-strength steel can also provide high efficiencles at normal
temperatures, except in the case of compressed plates, where the rela-
tive efficiency is about 3/4. For very hlgh plate loadings, however,
the steel may be almost as efficient even in this instance. At 800° F,
the efficiencies of the titanium alloy and the steel are only about
1/2 to 3/4 of those obtainable at normal temperatures with the aluminum
alloy. The efficlency of the titanlum alloy at 8000 F is about the
same or slightly better than that for the steel at 800° F, except as
regards stiffness. Inconel X is only 40 to 50 percent as efficient at
80° and 800° F as the aluminum alloy at normal temperatures, except 1n
the case of stiffness.

In thls talk, some of the properties of materials that require
conslderation under elevated temperature conditions were pointed out,
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and a few examples were given of the effects of time and temperature.
Some structural efficiency comparisons were then made for various appli-
cations, which showed that materials such as a titanium alloy and an
ultra-high-strength steel could provide efficient structures at normal
temperatures if high stresses were employed. The efficiency of these
materials for such purposes, however, was substantially reduced for tem-
peratures of 800° F and above. Consequently, the weight of the aircraft
structure for very high-speed flight will increase substantially. In
order to reduce this handicap in the temperature range up to 1000° F,
improved elevated-temperature properties are needed for materials such
as the titanium alloys and ultra-high-strength steels, which initially
have very high strengths. At still higher temperatures the situation is

less promising, as the high-temperature alloys that may be required under

such conditions are generally relatively inefficient both at normal and
elevated temperatures compared to present aircraft materials. 1In clos-
ing, it should be emphasized that the aircraft structural materials
problem is greatly complicated by elevated temperatures, and that many
of the mechanical and physical properties will have to be taken into
account under varied conditions in the actual application.
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6. REVIEW OF MATERIALS FOR JET ENGINES

By G. Mervin Ault and George C. Deutsch
Lewis Flight Propulsion Laboratory

INTRODUCTION

The Jjet engine depends for its effectiveness on the availability
of materials that can withstand severe operating conditions. During
the early development of the jet engine, a class of materials known as
super alloys was created without which the engine as it is known today
would not have been possible. The competition for higher performance
is creating a demand for even better materials, particularly those that
would permit higher operating temperatures.

In studies to obtain better materials, the availability of the
constituent elements must also be considered. It would, of course, be
very desirable for these materials to contain solely those elements
that are domestically available in sufficient amounts for use during
wartime. The super alloys in widespread use today are generally based
on systems employing cobalt, nickel, and chromium. One such material,
5-816, consists of 40 percent cobalt, 20 percent chromium, and 20 per-
cent nickel. In addition, minor alloying agents, such as nicbium,
tungsten, and molybdenum, are used. Because of the very limited sup-
plies of these elements, particularly cobalt, tungsten, and niobium,
the number of engines that could be built using $-816 as a blade materi-
al would fall far short of the required number in an emergency. The
current cobalt-base alloys also have another serious disadvantage in
that they are limited in the temperature that they can withstand. If
the desired higher operating temperatures are to be attained, new alloys
must be developed for use as turbine blades.

While the materials problem in the turbine blades is probably the
most critical in the Jjet engine, materials problems exist in other
components, and research is being directed toward investigating a. vast
variety of materials that might ultimately replace many of those in use
today. This discussion will outline the present status of the materials
problem in each of the critical components of the jet engines and will
mention several of the directions from which these problems are being
attacked. It is useful to bear in mind the relative location of the
particular component to be discussed and the approximate temperature to
which this component is subjected by making reference to figure 1. This
is a cross section of a typical turbojet engine. Air is drawn in through
the inlet, its pressure is raised in the compressor, fuel is added, and
the mixture is ignited in the combustor. The hot gases are directed onto
the rotating turbine blades at the correct angle by the nozzle guide vanes.
The expanded gases issue through the nozzle and thereby provide the



propulsive thrust of the engine. Typical temperatures in a current
engine are shown in the figure. For example, current turbine blades
cperate at maximum material temperatures of about 1500° F. The tempera-
tures specified in figure 1 are, in many cases, determined by the pro-
perties of materials available at the present time. Higher temperatures
would be desirable if suitable materials were available. A very ilmpor-
tant objective of materials research, iherefore, is to permit the ele-
vation of some of these temperatures.

ROTATING AND STATIONARY TURBINE ELADES

The component that most limits gas temperatures is the rotating
turbine blade because it is subjected to a severe combination of stress
end temperature.

The nozzle vanes are another component of the turbine that operates
at very high temperatures - as much as 200° F above that of the turbine
vlade. However, because the blades are stationary, they are subject
primarily to the thermally induced stress with, in addition, a small
bending stress due to the gas load. Because of the low stress state
existing in the nozzle vanes, alloys similar to those used for turbine
blades are satisfactory and in many cases acceptable blade lives are
obtained with lower alloy materials. For these reasons, the nozzle
vane alloys will not be considered separately. As has already been
mentioned, the alloy of greatest use for the turbine blade up to the
present time has been the super alloy S-816, containing large amounts
of the strategic elements cobalt and columbium. Considerable research
is being directed toward replacing this alloy by newer cobalt-base
alloys or preferably nickel-base alloys. There is evidence that alloys
exist having not only less strategic material content but higher tem-
perature 1limits of operation.

In figure 2 are shown several alloys of this type which are cur-
rently under development. (The compositions of these alloys as well
as others referred to in this paper are shown in table I.) In the
figure the stress that a material can support for 100 hours without
fracture is plotted against temperature. This stress would represent
the centrifugal stress applied to the blade. In addition to this stress,
& turbine blade must withstand vibratory and thermal stresses and a
severly oxidizing atmosphere, and must not elongate excessively. The
first criterion, however, is time-to-rupture under the centrifugal load
and, for the sake of brevity, comparisons will be made on this basis
only. The horizontal dotted lines in the figure are the range of typical
centrifugal stress levels encountered in current engines. For a ma-
Jority of current engines, a stress of about 13,000 psi would exist in
the blade at midspan, the point where it is most likely to fail. For

L 4 ol i o
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some highly stressed engines, the stress is approximately 22,000 psi.
Since the trend in future engines appears to be to toward higher
stresses, comparisons will be made on the basis of the highly stressed
engine, labeled "Engine A." The lowest curve on this figure refers to
S-816, and the next higher curve designated "current cobalt-base cast"
represents the best properties of other currently well-developed blade

alloys.l It will be noted that for the highly stressed engine the
tewperature 1limit of S-816 is in the neighborhood of 1525° F, and for
the best of these current alloys, about 1600° F. The other curves show
the properties of new alloys under development. Most recent effort has
been devoted to the development of nlckel-base wrought alloys because
these contain much less critical material than those of cobalt base.
Nickel-base wrought alloys have been developed that may permit engine
operating temperatures of 1650° F at the high stress level. New cast
alloys of both cobalt and nickel base (ref. 1) also are being developed,
and these are shown by the upper two curves. Blade temperatures up to
1700° F, or about 175° F higher than S-816, may be possible with these
materials.

Another means of increased turbine temperatures is the use of
alloys of chromium (ref. 2) and molybdenum (refs. 3 and 4). Figure 3
shows the stress-rupture properties of the strongest of these alloys.
Again the stress that can be withstood for 100 hours prior to rupture
is plotted as a function of temperature. In this case, a correction
has been made for the density to take into account the fact that molyb-
denum alloys are approximately 20 percent heavier than the cobalt or
chromium alloys. It is seen that, with the chromium alloys, tempera-
tures of about 1850° F may be possible, whereas with the molybdenum
alloys temperatures of 2000° F are indicated. Molybdenum, however, is
severely attacked by oxygen at temperatures above 1100° F and must be
protected. Many types of coatings and alloy additions to prevent oxida-
tion have been attempted, but none has proved completely satisfactory.
Most of the coatings are elther too brittle and have very low impsct
strength or when used on large numbers of parts, such as turbine blades,
cannot be applied perfectly on all pieces. The oxidation of molybdenum
is so rapid that a small pin hole resulting from an imperfect coating
or from impact of small particles in the gas stream can be expected to
result in complete oxidation of the blade in a few minutes under engine
operating condition. The current consensus is that a coating
on molybdenum for a part subjected to impact (such as a turbine blade)
must be ductile, as may be expected with diffused metallic coatings as
contrasted with ceramic or vitreous coatings. The protection of molyb-
denum presents one of the most difficult coating problems ever encoun-
tered, and considerable effort is being expended on this problem at the
present time.

lThroughout this discussion, only data which are not readily
available are referenced.
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The best molybdenum alloys at present are made by melting in a
vacuum or neutral gas atmosphere followed by extrusion or working by
other methods. The alloys have maximum strength in the as-worked con-
dition and lose considerable strength when recrystallized. Molybdenum
alloys are malleable and can be forged into blades.

The best chromium-base alloys contain about 60 percent chromium,
15 percent iron, 25 percent molybdenum, and sbout 2 percent titanium.
They are fabricated by casting, usually in a vacuum. They have satis-
factory oxidation resistance but are extremely brittle with no measur-
able ductility at room temperature and negligible impact strength even
at high temperatures. The brittleness of these alloys completely pro-
hibits their use currently. Chromium-base alloys are being studied
extensively in several laboratories, primarily for the purpose of im-
proving ductility.

In addition to the new alloys, a different class of materials is
being investigated for potential use as turbine blades. These are called
"cermets" (ref. 5), and are combinations of ceramics and metals. By
sultably combining these components, materials have been developed that
possess many of the high-strength characteristics of ceramics at the
elevated temperatures while retaining some of the advantages of alloys,
such as resistance to thermal shock. Figure 4 shows the stress-rupture
properties of a number of cermets under investigation. Again the stress
that can be withstood for 100 hours without fracture is plotted agalnst
the temperature limit of operation. An adjustment of the stress is
necessary to teke into account the fact that the density of these cermets
is about 25 percent less than that of S-816. Two classes of cermets are
shown. The line labeled "TiC + alloy cermet” is typical of a class of
materials that are well along in thelr development, meaning that their
properties have been fairly well defined, they have good thermal shock
resistance, amd technliques for production of intricate shapes have been
developed. The data indicate that they are usable at temperatures up
to about 1800° F, or 250° F above current alloys and 100° F above the
best developmental cobalt- and nickel-base alloys. The second class of
cermets consists of materials not so far along in their development, but
which serve to indicate furture strength potentialities of this type of
material. This is shown by the curve labeled "Al20z+Cr." Temperatures
in excess of 2000° F may be possible if these materials can be properly
developed for practical application.

Such materials, in addition to allowing higher temperatures, are
lighter in weight; consequently, engine weight will be lowered and even
higher thrust per unit engine weight can be obtained.

While a number of methods are being explored for increasing the
temperature 1limits and reducing the strategic element content, each
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approach has problems that will have to be solved before it can be adopted
for practical application. Nearest ready for use are the wrought nickel-
base alloys because they are so similar to the currently used materials
and yet have higher strength. The cast nickel-, cobalt-, and chromium-
base alloys involve problems of brittleness or low ductility. Figure 5
shows, for example, the room-temperature ductility of a number of mate-
rials plotted against the allowable metal temperature. It can be noted
that the wrought cobalt-base alloy (S-816) has a ductility of over 30
percent. The wrought nickel-base alloy permits higher allowable metal
temperature, but does not reduce the ductility below 10 percent. Actual
engine experience has indicated that this ductility level is acceptable
for turbine application. The cast cobalt- and nickel-base alloys show
ductilities in the neighborhood of only 1 or 2 percent. Vacuum melting
is now being vigorously pursued, partly in an attempt to increase the
ductilities of both the cast and wrought alloys. As mentioned previously,
the brittleness of the higher strength alloys prohibits their current

use. The best combinations of strength and ductility are indicated for
molybdenum alloys — the best of which have the 30 percent ductility

when severely cold-worked. Molybdenum alloys require suitable coatings
as was mentioned previously.

Although not indicated in figure S5, cermets, too, are very brittle
but appear to be somewhat superior to the high-strength chromium-base
alloys.

Very low ductilities imply two problems: high sensitivity to stress
concentrations and poor impact strength. The stress concentration
problem comes in connection with the method of fastening the turbine
blade into the disk. Figure 6 shows various turbine blade fastenings.

On the left is the conventional fir-tree root used with ductile alloy
blades. This has sharp radii which are not serious in ductile blades,

but lead to very early failure when the material is brittle. The alloy
design also involves a large number of mating teeth. In brittle mate-
rials which are not capable of easy deformation, slight manufacturing
tolerances may result in a concentration of load on one or only a few

of the teeth, thereby resulting in premature fracture. For brittle
materials, therefore, it is desirable to use designs involving large

radii and a small number of mating surfaces. Several designs that have
been evolved for use with cermet blades and with alloy blades of low
ductility are shown to the right of the fir tree. In the first, ductile
pins of large diameter serve to retain the blade in the wheel. The blade-
root temperature is much lower than is that of the airfoil, thus permit-
ting the use of soft stainless-steel pins at this point. In the inter-
lock design, only one mating surface is provided, and again a ductile

Pin is inserted between the blade and the wheel. The dovetail design
makes use of very large radii and of a ductile screen (which is not shown)
between the wheel and the blade. Some of these designs have been success-
fully used in overcoming the stress concentration factor associated with
fastening cermet blades into wheels.
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The impact problem may be more difficult to solve. Part of the prob-
lem arises because of foreign objects ingested into the engine. This part
may perhaps be solved by suitable screening devices; however, missiles
may be generated within the engine. Fragments of combustor liners and
transition pieces have been known to pass through the turbine. A failed
turbine blade may be thrown against adjacent biades. 1f the impact re-
sistance of the material is poor, extensive damage to the blades will
occur. Impact resistance of potential turbine-blade materials has been
evaluated by a special apparatus devised at this laboratory. Typical
results are shown in figure 7. The impact resistance is measured in inch-
pounds and should not be confused with conventional values obtained on
Charpy or Izod machines, since a special apparatus has been used. The
first vertical bar indicates the impact strength of alloys that are cur-
rently widely used as turbine-blade materials and thus are known to be
satisfactory. The value for these alloys is 40 inch-pounds and above.

It is not known at this time how much less than 40 inch-pounds can bte
tolerated. Cermets have impact strengths in the range of 2 to 20 inch-
pounds, as indicated by the cross-hatched area of the second bar. Cermets
with impact strengths of 4 to 6 inch-pounds have been run in engines and
found to be definitely unsatisfactory. Molybdenum alloys have impact
strengths ranging from 15 to 25 inch-pounds, but the strength goes to

over 60 inch-pounds if the temperature is raised slightly and these alloys
are thus believed to be satisfactory. The experimental nickel- and cobalt-
base alloys for higher temperatures have impact strengths ranging from 5
to 25 inch-pounds. Much research must be directed toward overcoming the
impact problem in the cermets and some of the experimental nickel- and
cobalt-base alloys. It is also necessary to define the minimum impact
resistance required for satisfactory operation in an engine.

The method thus far discussed for increasing turbine-blade tempera-
ture has been the direct replacement of current alloys by materials of
higher strength at higher-than-current temperatures. It should be borne
in mind that the sole purpose of increasing the temperature is to obtain
higher engine thrust. The parameter that governs engine performance,
however, is the ratio of the thrust to unit engine weight. It is there-
fore also important to decrease engine weight. The use of hollow blades
permits the reduction in engine weight, and cooling these hollow blades
will permit an increase in gas temperatures and engine thrust.

The effect of lighter turbine blades will be reflected in lighter
turbine wheels for carrying these blades, lighter shafts for carrying
the wheelg, and so forth, so that small gains in turbine blade weight
may reflect as large weight savings in the over-all airplane. Figure 8
1s a sketch of a typical turbine wheel using hollow blades. The massive
solid turbine wheel has been replaced by two disks which are adequate
for carrying the lighter blades. The passage between the two disks may,
if necessary, serve for the introduction of cooling air to the blades.




The introduction of cooling air to the blades will alter the materials
requirements just discussed. Substantial increases in temperature can
be achieved with cooling while using materials similar to those currently
being used uncooled.

Figure 9 shows typical weight saving that can be achieved by the use
of sheet metal blades in conjunction with more efficient wheel structures.
Total wheel weight (that is, disks plus blades but without shaft) is
plotted on the ordinate as a function of the individual blade weight for
various arbitrary design stress levels in the center of the disk. Two
blade weights are considered. The one at 0.6 pound represents a con-
ventional solid blade and the one at 0.3 pound represents a hollow blade
of comparable aerodynamic design. For an arbitrary stress level in the
center of the disk, say 70,000 psi, wheel weight could be reduced about
50 percent by replacing the solid blade with a hollow blade. If through
cooling the allowable design stress could be increased, even greater
weight saving might be accomplished.

For the turbine blade, studies are underway that, if successful,
can ultimately increase blade operating temperature, reduce strategic
material content of the blades, and reduce engine weight.

Another area in the turbojet engine where blades present a materials
problem is in the axial-flow compressor. The temperatures in the com-
pressor have been increasing because of higher compression ratios and
higher flight speeds, and the trend of increasing temperatures is ex-
pected to continue. Figure 10 shows the relation of compressor outlet
temperature to compression ratio and flight speed. Early designs had
compression ratios of about 4 with temperatures of about 250° F. Current
designs have compression ratios as high as 12 with outlet temperatures
approaching 550° F. Increased flight speeds can increase these tempera-
tures up to about 1000° F or even higher. These temperatures for the
latter stages of compressors exceed those allowable with current com-
pressor materials and enter the range of operating temperatures for
current turbine disks. t is apparent that some of the materials now
used in the hotter turbine disk must be used for the compressor blades
and compressor disks of future engines.

In addition to complications introduced by the trend toward higher
operating temperatures, the axial-fiow compressors operating at current
temperatures have problems in blade vibration which may lead to blade
failure. The failure of one compressor blade can initiate a disastrous
chain reaction that at its worst can completely destroy the engine. A
primary cause of blade failure is fatigue induced by fluctuating air flow
in the compressor. Currently the most widely used compressor-blade alloy
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is 403 stainless steel containing about 12 percent chromium. To reduce
the weight of the blades, as well as the weight of the supporting wheels,
consideration is being given to the use of both plastics and titanium

and titanium alloys. The plastics which are being considered are laminates
composed of glass fibers bonded together with bakelite cement or phenolic
resins. These have about 25 percent the weight of steel, and the titanium
alloys are about 60 percent the weight of steel. In addition, of course,
the strength must be adequate. An important criterion, then, is strength-
to-weight ratioc. For rotating parts where the load is determined by
centrifugal force, the load or stress is directly related to the density;
rotating parts made from titanium, for example, would be subjected to 40
percent less centrifugal stress than if made of steel. The strength-
weight ratios of several materials are shown in figure 11 (from ref. 6)

as a function of temperature. It can be seen that the titanium alloy is
superior to aluminum alloy, 1/2 hard stainless steel, glass-cloth lami-
nate, and a high-temperature alloy Inconel X up to 900° F. The plastic

or glass-cloth laminate with its very low density is quite competitive
with other materials at moderate temperatures.

In addition to being about one-fifth the weight of the steel blade
which it is to replace, the plastic blade has another advantage which
makes it of particular interest - this 1s damping capacity. For a par-
ticular root mounting, it is the aercdynamic plus the internal or material
damping which determine the vibratory stress to which a material will be
subjected. The magnitudes of these factors for plastics and titanium as
well as for wmore conventional compressor-blade materials are shown in
figure 12.

On the left side of the figure the aerodynamic damping is plotted
as a function of density for the various materials. When a blade vibrates
freely in an air stream, the air removes energy from the blade, thus
decreasing the vibrational energy of the blade. This removal of energy
is known as aerodynamic damping. The higher the aerodynamic damping, the
less is the tendency for such excitations as rotating stall to induce
destructive vibrations. It can be seen that the plastic has an aero-
dynamic damping of 20.8 percent, which is considerably higher than that
of the other applicable materials and is 4.5 times that of 403 stainless
steel.

On the right side of the figure is a comparison of the internal or
material damping of the same materials, plastic, aluminum, titanium,
and 403 stainless steel. For some materials, the internal damping de-
Pends on the stress level; this is the case with the plastic considered,
a laminated fiberglass impregnated with a phenolic resin. For example,
an internal damping of 9 percent cccurs at a vibratory stress level of
Plus or minus 5000 psi, and a damping of 20 percent occurs when the
vibratory stress level is at the endurance limit of 25,000 psi. For com-~
parison, the material damping for 403 stainless steel is only about 1
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percent at 5000 psi and 3 percent at the endurance limit of 50,000 psi.
Although one reason for the choice of 403 stainless steel for compressor
blades has been its high material damping, plastics are even better. The
high material damping of the plastic is particularly advantageous when
the aerodynasmic damping cannot be relied upon; this can occur in stall
flutter.

In addition to the ability to dampen vibrations, the ability of the
material to withstand vibrational stresses is, of course, also of concern.
This ability is defined by the endurance limit in fatigue. The endurance
limit for plastics is about one-half that of the stainless steel. It
remains for actual experience in engines with these materials to determine
whether the greatly improved aerodynamic damping and material damping of
plastics will overcome their lack of fatigue strength and permit the
designer to take advantage of their light weight. Preliminary engine
tests have been promising.

For titanium alloys the reported room-temperature fatigue strengths
are of the order of 60 percent better than 403. It is thus indicated
that on the basis of these factors, titanium alloys will find application
for compressor blading. Complexities in melting and fabrication and
some as yet undetermined properties such as notch fatigue strength may

retard this application, however.

TURBINE AND COMPRESSOR DISKS

As the trend toward higher operating speeds and/or higher operating
temperatures for compressor blades is realized, there are, of course,
greater demands put on the blade supporting structure, the disk; and it
becomes obvious that when the temperature limitations of the compressor
disks are exceeded, materials currently being used for the hotter turbine
disks may be required. It is convenient, therefore, to discuss all disk
materials together, again keeping in mind that the same materials may
also be used for compressor blading.

The wheels are designed to withstand the combined effects of centri-
fugal, thermal, and fastening stresses. In the wheel hub where the tem-
perature is lowest, the design is based on the short-time yield strength
of the material. Tn the high-temperature rim, the design is based on
the long-time stress rupture and creep properties.

Because of the difficulty in obtaining comparative data for all
these properties as well as for the sake of simplicity, the available
materials are compared (fig. 13) on the basis of stress-rupture strength.
In this figure is plotted the stress which can be sustained for 1000
hours to rupture for various temperatures. The values of aluminum and
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titanium are shown as dashed lines. Because of the large differences in
densities between these materials and the remaining alloys, they are also
shown (as solid lines) after an adjustment to the average density of the
other alloys is made. For stresses in the neighborhood of 40,000 to
60,000 psi, the ferritic steel and the titanium alloy are about equivalent
in strength and offer a 400° to 500° F temperature advantage over the
aluminum alloys. They are also somewhat superior to the simple 18-8
austenitic steels. The utilization of the titanium alloys poses several
problems and the alloy shown (data from ref. 7) is in its very early
stages of development. Also sbown is an austenitic steel that derives
its strength by being work-hardened in an operation known as hot-cold
working or warm working. For the same stress levels, this alloy permits
operating temperatures in the neighborhood of 1200° F or sbout 150° F
over the ferritic steel and the titanium alloy. This work-hardenable
alloy is now the most widely used turbine-rim material. A more recent
alloy and one which is very promising, although it has only a slight
temperature advantage, is the heat-treatable austenitic. As the name
implies, this again is an austenitic steel, but one that derives its
strength from heat treatment. The final alloy shown on the figure is
Inconel X. This is a nickel-base, heat-ireatable alloy. With this alloy,
temperatures in the neighborhood of 1400° F could be attained at similar
stress levels.

Thus it can be seen that with regard to strength there exists a wide
choice of materials which will keep the compressor and turbine disk from
limiting jet-engine operating temperatures. For some of the materials,
however, there is very little operational experience; as experience is
accumulated, difficulties not previously considered may be revealed and
may necessitate additional developmental work on the alloys.

One such property receiving increased attention is that of long-time
notch sensitivity (ref. 8). An example of this is shown in figure 14.
On the figure is plotted the stress-rupture life in hours for the alloy
17-22A(S) in both the notched and unnotched condition. It can be seen
that for short lives the notched strength exceeds that of the unnotched
strength and the material is said to be notch ductile. At the longer
rupture times, because of structural instabilities, this situation re-
verses and the alloy becomes notch-sensitive. This notch-sensitivity
may develop in a much shorter time, should the alloy be subject to over-
temperature of the type that could be encountered with a turbine wheel
during a hot start. It is in this notch-sensitive area that difficulties
with the fastening may develop. As is shown on the figure, at the very
longest rupture times the notch ductility is recovered.

This discussion of turbine and compressor wheels has attempted to
present the materials that are available rather than indicate what mate-
rials are to be used. As was indicated in the discussion of turbine
blades, the designer may chose to increase the operating temperature
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through the use of more refractory blade materials. In this case he
would be forced to use more temperature-resistant wheel materials or to
cool the wheel rim, or he might increase operating temperature through
the use of cooled blades. In this case he might actually reduce the rim
temperature and he could then reduce the weight of the wheel by allowing
the rim to run at a higher stress level, or perhaps he could go to a
less strategic or more easily fabricated alloy.

SHEET MATERTALS

In considering sheet materials for the jet engine, it is necessary
to discuss only those areas of the engine in which the sheet problem can
be critical. These involve the hot parts of the engine such as combus-
tion chamber liner and transition piece, the tail pipe, and the after-
burner components. Of first importance is that the sheet materials with-
stand the oxidation and corrosion conditions of the engine atmosphere.
This resistance is achieved either by the inherent oxidation resistance
of the sheet alloy or by coating with ceramic or metallic coatings -
particularly aluminum. Next, it is important that the materials with-
stand the stresses to which they are subjected. Stresses to be con-
sidered are the hoop siresses caused by differential pressures, the
stresses of supporting the components' own weight, and the thermal stresses.
Most important usually is the ability tc withstand withcout buckling and
cracking the stresses resulting from the repeated severe thermal gradlents
existing in most hot engine components. ©Since stresses from thermal
gradients are very important, sheet materials should also be considered
as to minimizing these gradients and resultant stresses. This requires
high thermal conductivity, low coefficient of thermal expansion, and
low modulus of elasticity. Figure 15 (from ref. 9) indicates the rela-
tive thermal conductivities of some typical sheet alloys. Some of the
high-temperature alloys are gquite pocr when compared with low-alloy
steels in this respect. Because of high thermal conductivity, molybdenum
alloys are very attractive. They also have a coefficient of expansion
that is appreciably less than that of conventional alloys, and molybdenum
alloys are extremely strong at high temperatures. The modulus of elas-
ticity is about 1.6 times that of conventional alloys. Molybdenum alloys

are very promising for sheet, but the coating problem may be very diffi-
cult to solve.

I—I

The Inconel-clad copper alloy, combining the strengths of the

with the thermal conductivity properties of copper, 1s very attractive

The thermal conductivity of this material is gbout 10 times that of
Inconel.

nconel

The strengths of some current sheet materials are shown on figure
16 (principally from ref. 10). Essentially the sheet materials are
comparable in strength to the wrought alloys except that some strength
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may be lost as a result of the very high surface-to-area ratio. Also,

it is desirable to use alloys that achileve good strength in the solution
or annealed condition. Materials requiring elaborate heat treatments

have usually been avoided. As temperature is increased, the usual trends
are observed, going from low-alloy steels to stainless steels to
precipitation-hardened stainiess steels and finally to cobalt-base alloys.
As indicated previously, where the stresses are primarily thermal, prop-
erties such as high conductivity along with good strength are more im-
portant than very high strength alone (ref. 9).

SUMMARY

The materials research for Jjet engines has as its objective the
development of materials to permit higher operating temperatures, higher
operating speed, lower weight, and greater reliability. For the com-
pressor blades the principal new materials being considered are plastics
and titanium. For the compressor and turbine disks there is a wide
assortment of materials available, ranging from the lightweight titanium
to the highly temperature-resistant Inconel X, a material which is also
being considered for turbine blades.

Because the turbine blade operates under the more severe stress,
temperature, and atmospheric environment, it presents the most crucial
materials problem. As a consequence, many different types of material
are being considered for this component. These include new nickel- and

cobalt-base alloys, the refractory molybdenum and chromium alloys, and
cermets.

Problems also are anticipated in the high-temperature sheet metal
parts of the engine. Solutions to these problems are being sought through
the use of coatings for oxidation resistance and the consideration of
materials of Improved thermal properties to minimize thermal stresses.

Studies are also underway to reduce the engine weight through the
use of hollow turbine blades and built-up wheel structures, which in
addition may be cooled to permit higher operating temperatures.
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7. PHYSICS OF SOLIDS AND AERONAUTICAL MATERIALS

By S. L. Simon
Lewis Flight Propulsion lLaboratory

In the history of the development of aeronautical materials, two
features are noteworthy: (1) the repeated success in supplying materials
to meet the demands of airplane and engine designers and (2) an almost
complete absence of a basic understanding of why these materials worked.
Since it is becoming more and more difficult to find new materials as
readily as in the past, the basic understanding becomes more and more
necessary.

In aeronautical materials development, it would be desirable to know,
for example, why materials flow under stress, why they fracture, and why
working or heat-treating increases strength. Moreover, the materials of
interest are nearly always alloys of complex composition, structure, and
shape and are exposed to changing temperatures and stresses.

The field cf solid-state physics is the study of the basic behavior
of materials and is therefore the eventual source of the general under-
standing of materials. However, at present most of the questions and
materials of practical interest to materials development are far too
complicated for direct attack by the physicist.

In order toc make any progress, the physicist must ask much simpler
auestions, use simpler materials, and do simpler experiments. Although,
at first sight, some of these simplifications have been carried so far
as to make the experimental situation seem unrealistic, considerable
advances in the basic knowledge of materials have been obtained in this
way and much more may be expected. On the other hand, the mass of test
data which has been accumulated in the course of the development of
materials for aircraft has not contributed significantly to our basic
knowledge, although it has been essential to the practical development.

The physics of solids work at this laboratory uses the approach,
the methods, and the simplifications of academic solid-state physics.
The problems chosen are those whose solutions are expected to contribute
most to an understanding of the behavior and properties of aeronautical
materials. OSince the field of physics of solids 1s relatively new, some
of its methods and techniques will be discussed more specifically.

The simplest metallic material to work with is a low-melting-point
metal as a single crystal. The simplest nonmetallic material is a
single crystal of an alkali halide. "Simplest" in this sense means that
the atomic structures of these materials are the best understood theo-
retically. They do, however, contain imperfections whose behavior is
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not yet completely understood and this behavior constitutes one of the
main objects of present-day research in solid-state physics. Because
single crystals do not have grain structure, it often does not have to
be taken into account.

In addition to the simple materials mentioned, there are occasional
special materials which lend themselves to basic studies. An excellent
example is the order-disorder alloy of copper and gold (fig. 1). 1In
this alloy a continous series of states is possible ranging from one in
which the copper atoms occupy extremely regular positions in the lattice,
as on the left side of the figure, to one in which their distribution is
entirely random, as on the right. Since the electrical resistivity de-
pends on the state of "order," it is possible, for example, to deform
or heat a piece of this alloy, thereby changing its state of order, and
by measurement of the change in electrical resistivity, to gain an idea
of what has happened to the metal atoms in the process.

The simplest conditions are those that can be well controlled. In
most cases this means low temperatures rather than high, synthetic atmos-
phere or vacuum, and sample shapes of simple geometry.

The measurements must be simple and conducive to interpretation of
results. This requirement almost eliminates tensile, hardness, and
fatigue testing. It does allow tests of isolated mechanical properties
such as elasticity and plasticity, electrical properties such as con-
ductivity and Hall effect, and thermal properties such as specific heat
and heat conductivity.

A powerful special tool which has recently become available is
nucleay radiation. Its chief value is that nuclear particles passing
through a crystal disturb its atoms in a partially predictable way with
a corresponding change in properties. This change can be compared with
a similar change caused, for example, by deformation and helps to pin
down similarities and differences in the basic mechanisms of the two
types of damage.

The experimental and theoretical approaches which are used and the
type of results obtained are extremely varied. Two topics of current
interest which will illustrate the approaches and results, (1) the nature
of work-hardening and (2) the effect of surfaces on strength, have there-
fore been selected for discussion.

One of the most important phenomena in practical metallurgy is work-
hardening. A pilece of metal which has been held for a long time at a
high temperature is said to be annealed. In this state it is soft and
its strength is low. If the metal is then deformed by the application
of sufficient stress, its hardness increases as does its strength. It
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is said to be work-hardened. If the deformation is carried far enough,
the metal cracks or breaks. Work-hardening is therefore important both
as a beneficial factor in strengthening materials, if not carried too
far, and as a detrimental factor, if it is carried to the point of break-
age. The latter sometimes occurs in components of aircraft in use.

On an atomic scale, it is known that deformation of a single crystal
increases the complexity of imperfections already present in even the
most perfect crystal available and that it generates more imperfections.
It is known what these individual imperfections are in a general way.

Figures 2 and 3 show what these imperfections are supposed to look
like. A perfect crystal lattice is shown in figure 2. The atoms are
arranged in perfectly regular order. 1In reality, an occaslonal atom is
missing in the regular array, as in figure 3(a), and the missing atom is
found at positions, as in figure 3(b), called interstitial positionms.
The larger dots (fig. 3(c)) which occasionally appear represent im-
purities that are always found in real materials. Figure 3(d) shows an
edge dislocation, a more complicated unit of imperfection. It may be
visualized as having been formed by adding an extra row of atoms above
the dashed line. More complicated types of dislocation also exist and
are important.

The existence of these imperfections has been well established.
However, in the metal they exist in various combinations and it has not
been established what these combinations are or how they are formed
during the work-hardening process. The NACA Lewis laboratory (as well
as many other laboratories) is working on these questions from several
angles of attack.

When a piece of metal is worked, a definite amount of energy is
required. The greater part of the energy goes to form heat, which is
dissipated during working, but some remains in the metal as energy of
formation of the imperfections and groups of imperfections. The amount
of energy thus stored is of great importance for an understanding of what
is going on. For example, as will be shown later, the number of im-
perfections can be estimated from electrical measurements. Consequently,
combining the results of the energy and electrical measurements can give
an idea of the energy of formation of an imperfection, a number of great
value in deducing what the imperfection is.

One experiment was done by twisting a rod of annealed copper in a
torsion testing machine until it contained the desired amount of work-
hardening (about 10 complete turns). The rod was then electrically
heated in a vacuum calorimeter in such a manner that a constant amount
of heat energy was added to it per unit time. The temperature therefore
rose with time, and the rate at which it rose was measured. Figure 4



shows an idealized curve for this process in which energy release at two
temperatures is illustrated. The ordinate is the temperature of the
sample, and the abscissa is the amount of heat which had been added at
the time the temperature shown on the curve was reached. For this speci-
men, the temperature rises smoothly until Tl is reached, at which point
it increases rapidly then levels off until T, is reached. Another
rapid rise occurs here, and again the curve levels off and rises smoothly.
After the maximum temperature has been reached, the sample is allowed to
cool and the experiment is repeated. This time the curve for temperature
against time is the solid curve, which lies below that for the first run.
The difference between the two curves is, of course, due to the stored
energy in the worked sample which was emitted in the first run. As the
difference is small, many precautions against heat leakage and other
sources of error must be taken.

The energy emitted as a function of the temperature of the sample
for a typical experiment is shown in figure 5. Three runs were made on
each sample, the last two, of course, being on annealed material. The
difference between the heat supplied in the third and second rums is
shown by the squares on the curve and indicates the reproducibility
of this type of determination, about 10 percent. The difference between
the third and first runs is shown by the circles and is therefore the
stored energy released as a function of temperature.

The following table shows the numerical results obtained for three
samples containing different amounts of work-hardening:

Sample W, E, E/W
cal/g | cal/g

3 8.2 0.23 |0.028

1 9.4 .28 | .030

2 11.9 41 | .034

The symbol W is the amount of mechanical energy which was exerted in
working the sample, and E 1is the total amount of stored energy obtained
in the experiment. In all three cases, E/W, the fraction of the energy
which was stored, is surprisingly small, considering the severity of the
deformations. Comparison of the three samples, however, indicates that
the amount of stored energy is still increasing slowly with working and
has not yet reached a saturation point.

When this type of experiment was performed with a fatigued specimen,
an unexpected and interesting result was obtained, as shown in figure 6.
When the fatigued specimen was heated in the calorimeter, energy was
absorbed rather than -emitted as for the cold-worked specimen. This
behavior was found for three samples, so that it is well established.




It may, of course, be reversed at higher temperatures than were reached
in this experiment. The over-all energy emitted may therefore be posi-
tive, but this could not be investigated because the maximum temperature
attainable was limited by the apparatus. The experiment is being re-
peated with tin whose melting point is lower than the temperature limit.

It is also possible to attack the problem of work-hardening by a
study of the electrical properties of work-hardened metals. In order to
explain the application of electrical properties, it will be necessary to
discuss briefly the electronic structure of a metal. The electrons in a
metal behave as if they were almost free, that is, not associated with any
particular atom. However, the positive ions which comprise the rest of
the structure are arranged in a regular lattice, and the electrostatic
field in which the electrons exist changes from ion to ion. This has the
effect that the electrons preferentially exist in certain energy levels
and also are preferentially found in certain regions around the ions.

If an external field is applied to the metal, some of the electrons
drift in the direction of the field and a current is thereby set up. Its
magnitude depends on two factors: (1) the number and energy states of
the electrons and (2) the number and magnitude of the spatial fluctuations
in the electrostatic field, which interfere with the moving electrons.
The number of electrons is characleristic of the metal chosen. The num-
ber and magnitude of the fluctuations and the energy distribution of the
electrons depend on several factors: the metal, its crystal structure,
and the number and magnitude of irregularities in the structure. The
last two factors make it possible to use electrical methods to study
work-hardening, because the imperfections introduced by cold work pro-
vide such irregularities in the structure. If the same metal is worked
or damaged in different ways, the interference with the electron motion
due to the basic lattice itself does not change. What does change are
the number, size, and state of aggregation of the imperfections and the
distribution of the electrons among the various energy states.

Measurement of the electrical conductivity, therefore, gives infor-
mation about the imperfections but is complicated by changes in electron
states. The Hall effect permits these states to be stullied independent
cf the imperfections. If a current is sent through a conductor in the
direction indicated in figure 7 and a galvanometer is connected across
Points A and B on the conductor, nc deflecticn of the galvanometer occurs.
This shows that the potential at A and B is equal. If a magnetic field
is applied perpendicular to the direction of the current, the galvanometer
deflects and can be brought back to zero only by shifting the position of
A or B.

On the atomic scale, an approximate description of this effect is
that the paths of the moving electrons which give rise to the current are
curved by the magnetic field; consequently, the line of equal potential
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across the conductor rotates. The amount of rotation depends only on
the number of free or higher energy electrons, not on the other quantities
which complicate the interpretation of conductivity measurements.

Consequently, by measuring both the conductivity and the Hall effect
it is possible to eliminate the effects due to the electrons and isolate
those due to the imperfections.

Measurements of the magnetoresistivity and of the thermoelectric
power when combined with measurements of resistivity also give infor-
mation about the distribution and energy states of the electrons in the
metal. The magnetoresistivity is the change in resistivity which occurs
when a conductor carrying current is placed in a magnetic field, while
thermoelectric power is the change in potential, per unit rise in tem-
perature, between two pieces of metal which are placed in contact.

The four electrical effects described as well as others have been
used to investigate the nature of work-hardening. The Hall effect has
been measured on copper strips which were cold worked by rolling to a
maximum of 75-percent reduction. The Hall coefficient was found to have
increased by about 1 percent as a result of this amount of cold work, a
rather small increase and, unfortunately, less than the probably error.
If this value is accepted, however, it indicates, according to the pre-
vious discussion, that the cold work has decreased the number of free
electrons by about 1 percent. If this result is combined with the re-
sistivity measurements, it can be deduced that a decrease in average
distance between imperfections of 1 or 2 percent has occurred and there-
fore an increase in their number.

Measurements of the resistivity and magnetoresistivity have also
been made on gold-copper alloy. This is an alloy which, as previously
mentioned, exists in states ranging from complete order to complete
disorder. The electrical resistivity of the alloy changes with degree
of order since the irregular disordered state produces larger potential
fluctuations to interfere with the motion of the electrons. The process
of ordering also changes the distribution of energy states for the
electrons, which causes changes in the Hall effect and in the magneto-
resistivity. The changes in these quantities primarily due to simple
interchange of atoms in the lattice can therefore be studied.

Various degrees of order were obtained by heating wires of the alloy
near their melting point, then quenching them in cold water. At the high
temperature used, the equilibrium state is almost complete disorder; the
guench has the effect of freezing this disorder into place because, al-
though at room temperature the equilibrium state is ordered, diffusion is
so slow that order cannot be established. The desired degree of order
was then obtained by heating the wire to an intermediate temperature and
requenching. Wires were also disordered by mechanical deformation.




The results of this work indicated that different types of disorder
arise from thermal discrdering and from mechanical disordering. The
electron states corresponding to the two methods of disordering are
also different.

In other work at this laboratory aimed towards an understanding of
work-hardening, the possible existence and the configuration of work-
hardened regions in a fatigued specimen have been investigated. This
work was based on a theoretical analysis vwhich indicated how the re-
sistivity of a bar composed of distinct grains of two pure metals, as
shown in figure 8, should depend on the proportion and configuration
of the grains. The possible work-hardened regions of the fatigued metal
were considered as a second metal and it was deduced from resistivity
measurements at low temperature that (1) the regions were either very

)
small (about 1000 A or less) or that they may be larger but only in the
direction perpendicular to the axis of the specimen, (2) that the regions

o]
are definitely not spherical particles larger than 1000 A, and (3) the
fraction of disordered material must be small, less than 0.5 percent.

The last result also partially agrees with the calorimetric work, that
is, any positive stored energy is too small to be found calorimetrically,
but the negative value found in the calorimetric work remains a mystery.

The second major topic which will be discussed is the work at this
laboratory on the effect of surface composition and configuration on the
mechanical properties of materials. From the engineering point of view,
it is known that surface condition is very important in determining
creep rate, creep-rupture strength, and fatigue strength. If cracks or
other stress concentrators exist, they must be sources of weakness for
the material.

From the atomic point of view, the atoms on the surface should
behave quite differently from those in the interior, because the forces
on them are not compensated as they are in the interior. Figure 9 shows
the contraction in the lattice which must occur. This contraction gives
rise to a surface tension which is not obvious in a solid as in a liquid
because the solid is more rigid but, nevertheless, of great importance.

One of the questions of interest was whether an intrinsic crack
structure existed on the surface of = crystal because of the contraction
in the surface. This guestion was investigated by a technique which
depends on the fact that silver evaporated in a vacuum and deposited on
a nonmetallic surface tends to agglomerate into deposits along irregu-
larities in the surface. The experiment consisted of depositing silver
on the surface of a single crystal of sodium chloride which had been
annealed and then water polished, that is, the surface layer removed by
solution. No agglomerates were seen under the microscope. However,
when such a crystal had aged for a few days before it was coated, a
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great many lines at a large variety of angles appeared (fig. 10). The
number of lines appeared to grow with time of aging, and an analysis of
the rate of growth indicated that the atomic process involved is basical-
1y the diffusion of the sodium and chlorine atoms in the surface. This
is evidence that the "cracks" or faults which are delineated by the lines
of silver are an intrinsic and atomic phenomenon.

The angles which the faults made with a face of the sodium chloride
cube were measured, and the number of faults making a given angle with a
cube face was plotted against the angle. The result is shown in figure
11 as the solid line. The dotted line that is also plotted shows the
atom density as a function of angle, that is, the number of atoms per
unit distance which would be seen if the lattice were viewed along a
line at the given angle (fig. 12). All that can be said at present is
that the correlation is too good to be overlooked but that atom density
is not the only factor which determines the direction of faults.

The effect of surface composition has also been investigated by
studying the creep rate of zinc single crystals with and without surface
layers of oxide. Creep studies of this type are complicated by a lack
of reproducibility which is very difficult to eliminate. Figure 13 is
the percentage elongation against time for sections of the same single
crystal with and without an oxide layer. The lower elongation of the
oxide-coated specimen indicates the strengthening effect of the oxide
layer. The layer in this case is about 1000 atoms thick, which is much
too small for chemical analysis. It was measured by means of electron
diffraction from the surface. Studies were made of the effect of in-
creasing the load, of pre-elongation of the crystal, of sulfide rather
than oxide, and of the effect of suddenly removing the surface layer
with acid. This last is a dramatic demonstration of the importance of
the surface layer (fig. 14). A crystal with a sulfide layer creeps
slowly until hydrochloric acid is added. A sudden increase in creep
rate then occurs. If the acid had not been added, the elongation-
agalnst-time curve would have followed the dotted curve.

The results of the work were compatible with the explanation that
the surface layer at first actually helps to support the load even in
the small thickness which is present and that it eventually breaks. The
heat of reaction of the layer with the acid before the break occurs ac-
counts for the sudden jump in elongation shown in figure 14.

Although at first sight both parts of this explanation seem im-
‘Plausible because of the extreme thinness of the surface layer, a closer
examination makes them seem more reasonable. Because the oxide or
sulfide layer is very thin, the number of imperfections it contains is
also very low and it should have a strength approaching the very high
theoretical strength of a perfect crystal. This would be large enough
to account for the decrease in elongation.
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A similar argument holds for the effect of the acid. Though the
total amount of heat released is small, it is released in a very thin
layer of the crystal, whose temperature is therefore instantaneously
very high, and the instantaneous increase in elongation occurs.

The last experiment which is discussed is only in its beginning
stages but illustrates the interrelations between various topics, in
this case work-hardening and the surface. The experiment is based on
the well-known skin effect. The current carried by a conductor across
which a low-frequency alternating voltage is applied travels through
the conductor uniformly, that is, the current per unit cross section in
the center of the sample is the same as it is per unit cross section
near the surface. If the frequency is increased, the current begins to
decrease at the center and to increase near the surface. At the frequency
of microwaves, say 8500 to 12,000 megacycles, the current flow is con-
fined to a layer 3x10~0 centimeters thick in copper. The preliminary
work, in which the resistance of a work-hardened copper bar to a micro-
wave frequency current was compared with the direct-current resistance,
indicates that this thin layer contains four times as much work-
hardening per unit volume as the remaining material.

The information cobtained thus far in the physics of solids work
has contributed much more to the understanding of materials than it has
to actual improvements of them. However, the next few years should
begin to affect the practical developments.
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